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Summary 
 
 
This dissertation focuses on the investigation of the microstructures of two nuclear 
grade matrix graphites. These graphites were intended for use in the core components 
of a high temperature test reactor (HTTR) of the pebble bed modular reactor (PBMR) 
design. The graphites were provided in the form of fuel spheres and a reflector block. 
The techniques used in the analysis of the materials include fracturing, etching, 
scanning electron microscopy (SEM), nano-indentation, x-ray diffraction (XRD) and 
transmission electron microscopy (TEM). 
 
The microstructures of the materials were characterized successfully. The fuel sphere 
material consisted of a high concentration of curved graphite flakes and grains in 
contact with turbostratic matrix graphite. The well graphitized flakes and grains were 
polycrystalline in nature. Delamination cracks were prevalent in the graphite 
crystallites. There was no significant difference in the microstructures of the center, 
interior and surface regions of the fuel sphere material. No evidence of amorphous 
carbon or resin residues was found. The reflector material consisted of a low 
concentration of graphite crystallites embedded within turbostratic matrix graphite. 
Delamination cracks were observed within the graphite crystallites, and many cavities 
were present in the material. TEM observation also revealed the presence of diamond 
crystallites. 
 
It was concluded that the fuel sphere graphite was most probably suitable for use as is, 
provided that the material also possessed other required properties for use in a HTTR. 
The reflector material however was considered to be unsuitable for use in a HTTR. It 
was thus suggested that the reflector material could be made more suitable by 
sufficient graphitization of the turbostratic graphite which formed the bulk of the 
material. 
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Chapter 1 – INTRODUCTION 
 
 
The current world population is estimated at approximately 6.5 billion people. As the 
global population increases, the world-wide demand for energy increases accordingly. 
Mankind’s impact on the environment has come sharply into focus in recent years. 
Many nations are therefore moving away from the use of fossil fuels towards the use 
of renewable energy sources. However, current technology cannot cope with the 
demand for power in the industrial sector. This demand can be catered for by nuclear 
power and uranium is a plentiful global commodity. Provided that the waste produced 
by nuclear reactors can be safely managed, the environmental impact of high 
temperature reactors (HTRs) is limited. Because of these factors, nuclear power has 
been hailed as a suitable candidate for power production in the industrial sector for the 
modern era. Nuclear power generation has been implemented for many years. The 
focus of research and development in modern HTRs (so-called “Generation IV 
reactors”) is to improve efficiency and safety, and to further minimize their impact on 
the environment. High temperature test reactors (HTTRs) form part of the 
development of this generation of reactors.  
 
Graphite has been extensively used in reactor core components, forming part of the 
fuel elements as well as the structural components of the core. The coal tar pitch used 
as the pre-cursor in the manufacture of the graphite determines its microstructure, 
while the microstructure in turn determines the physical properties of the graphite. 
The physical properties of a graphitic material can thus be tailored for a specific 
application. Therefore, in order to ensure the safe and efficient operation of a HTTR, 
the microstructure of the graphite material to be implemented in reactor core 
components needs to be investigated, and its suitability ascertained. 
 
This study focused on the determination of the microstructure of two graphitic 
materials. The materials were provided by the PBMR company in the form of spheres 
( 60 mmφ = ) and a block (100 mm x 100 mm x 100 mm). The spheres were to form 
part of the fuel components in a modern HTTR while the material of which the block 
was made is intended for use as a reflector component. The purposes of the reflector 
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are to act as a neutron moderator and reflector, as well as to form part of the internal 
structure of the reactor core.  
 
The techniques used in the characterization of the microstructure of the fuel spheres 
and reflector materials in this study included; chemical etching, fracturing, nano-
indentation, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) and x-ray diffraction (XRD). A suitable procedure for the etching of graphitic 
surfaces with chromatic acid was successfully developed. SEM was used to analyze 
the surface morphologies of specimens which had been polished, fractured and/or 
etched. Nano-indentation was used to compare the indentation behaviour of the two 
materials. XRD analysis was performed on the virgin materials, and the effects of 
grinding and polishing on their microstructure was also investigated. TEM provided 
structural information of the materials in the nanometer range. 
 
In chapter 2 of this dissertation a review of previous work performed on graphite is 
provided. Theoretical aspects pertinent to the techniques used in this study are 
discussed in chapter 3, with emphasis placed on the Burchell fracture model, XRD 
analysis, determination of nano-indentation parameters and TEM imaging. Sample 
preparation and experimental methodologies are discussed in chapter 4, with 
particular emphasis placed on the development of a suitable procedure for the 
chromatic acid etching of graphitic materials. In chapter 5 the experimental results 
obtained in this study and discussions thereof are presented. Conclusions drawn from 
the results obtained for each experimental technique, as well as general conclusions, 
are listed in point form in chapter 6. A table of abbreviations/acronyms used is 
provided in Addendum A, while a list of the references used concludes this 
dissertation.     
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Chapter 2 – A REVIEW OF PREVIOUS WORK 
 
In this chapter, previous work pertaining to the analysis of graphite is discussed. The 
chapter is divided into sub-headings, under which the relevant techniques and/or 
results obtained by other authors are discussed. This chapter provides the necessary 
background required to compare the techniques used and results obtained in this work 
with those of previous authors. 
 
2.1. Graphite 
 
In this section, graphite as a material is introduced and its structure described. Some 
of its characteristics and applications are also discussed.  
 
Graphite is one of the many allotropes of carbon, and is found in natural as well as 
man-made forms. The name graphite is derived from the Greek word “grapheine” 
which means ‘to write’, due to the deposition of carbon when the graphite is sheared 
on a surface.  Graphite has thus been used for over two centuries as an artistic 
medium. In nature, it is commonly found in meta-sedimentary rocks, a result of the 
conversion of organic matter by high temperature and pressure. Another natural 
mechanism of graphitization occurs during the precipitation of carbon from carbon 
bearing fluids such as CO, CO2 and CH4 (Luque et al., 1998). Synthetically produced 
graphite is obtained by the graphitization of carbonaceous materials, such as coals and 
cokes. These carbonaceous materials contain crystallites in the nm range, which are 
made up of graphite-like layers arranged turbostratically. Such materials are called 
non-graphitic carbons since there is no observable crystallographic order in the c-
direction (Emerich, 1995). Graphitization of non-graphitic carbons occurs when the 
graphite-like layers are arranged such that the stacking order of the layers resembles 
that of graphite. Franklin (1951) has shown that some non-graphitic carbons can be 
converted to graphite while others cannot.  
 
With regards to the many allotropes of carbon, most form as a result of the re-ordering 
of the stacking of the graphene layers [graphite phases] (Katzke et al., 2006), or the 
bending of the layers [needles, cones, nano-tubes, fullerenes] (Mattia et al., 2006).  
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2.1.1. The structure of graphite 
 
Graphite consists of layers of carbon atoms; each layer comprising hexagonal carbon 
rings (graphene layers). Each carbon atom within the hexagonal ring structure is 
bonded to three nearest neighbour atoms by sp2 hybridized covalent bonds, whereas 
the graphene layers are bound by weak Van der Waal interactions. This difference in 
bonding characteristics influences the physical properties of graphite, to be discussed 
later in this section. For ideally crystalline graphite, the inter-atomic spacing in the a-
direction (La) = 2.456 Ǻ, the inter-planar spacing in the c-direction d = 3.354 Ǻ and 
the lattice parameter in the c-direction (Lc) = 6.708 Ǻ.  
 
There are two known phases of graphite (Fig. 2.1.1); hexagonal (α phase or 2H) and 
rhombohedral (β phase or 3R). Hexagonal graphite has an ABAB… stacking order 
and hexagonal unit cell. Rhombohedral graphite has an ABCABC… stacking order 
and rhombohedral unit cell. For rhombohedral graphite, the (La) and d values are 
similar to those of hexagonal graphite, with (Lc) = 10.062 Ǻ. The difference in the 
(Lc) values for the two phases is a direct result of the variation in stacking order: 
d = 3.354 Ǻ for both phases.  
2H comprises 3 graphene layers which implies (Lc) = 2 x 3.354 Ǻ = 6.708 Ǻ 
3R comprises 4 graphene layers which implies (Lc) = 2 x 3.354 Ǻ = 10.062 Ǻ  
 
2.1.2. Physical properties 
 
Graphite is grey-black in colour, is opaque to visible light and exhibits sheen when 
polished. It is flexible, but exhibits little or no plasticity. Graphite is therefore a brittle 
material. Graphite is a good conductor of electricity and heat, is chemically inert and 
retains its strength up to high temperatures. It has low absorption rates for x-rays and 
neutrons. It has a low thermal expansion coefficient and is resistant to thermal shock. 
 
Natural graphite is usually found in the form of large crystals, while synthetically 
produced graphite is ordinarily polycrystalline due to the manufacturing processes 
used. Due to the many variations in manufacturing of synthetic graphite, physical 
properties differ greatly. 
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Figure 2.1.1 Stacking orders for i) Hexagonal and ii) Rhombohedral graphite. 
[http://www.phy.mtu.edu/~jaszczak/structure.html]  
 
Table 2.1. lists the variations for some of the physical properties of commercially 
produced graphite. Some of the properties of natural graphite differ somewhat from 
many synthetic types. Density and porosity are two such properties. Synthetic 
graphite is ordinarily more porous than natural graphite, a result of the manufacturing 
process. Hence, synthetic graphite is usually not as dense as natural graphite. Natural 
graphite has a density ranging from 2.09 to 2.23 g/cm3 (Barthelmy, 2005), whereas 
the density of commercial graphite ranges from 1.3 to 1.95 g/cm3 (Table. 2.1).  
 
For an ideal graphite crystal, as mentioned in 2.1.1, the difference in bonding between 
the atoms constituting the hexagonal ring structure within the graphene layers, and the 
bonding between the graphene layers themselves, results in anisotropic properties. 
Examples include: electrical, thermal, acoustic and mechanical properties. 
2H 
3R 
i 
ii 
A 
B 
A 
A 
A 
B 
C 
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Table 2.1.: Physical properties of commercial graphites 
Physical Property Variation 
Bulk Density (g/cm3) 1.3-1.95 
Porosity (%) 0.7-53 
Modulus of Elasticity (GPa) 8-15 
Compressive strength (MPa) 20-200 
Flexural strength (MPa) 6.9-100 
Coefficient of Thermal Expansion (x10-6 °C) 1.2-8.2 
Thermal conductivity (W/m.K) 25-470 
Specific heat capacity (J/kg.K) 710-830 
Electrical resistivity (Ω.m) 5x10-6- 30x10-6 
Adapted from the AZoM website: http://www.azom.com 
  
The electrons within the graphene layers are de-localized, thus electrical conduction 
readily takes place within the layers. However, conduction does not easily take place 
between the graphene layers. Likewise for thermal conduction, since electrons are the 
principle mechanisms of heat transfer. Also, acoustic phonons propagate within the 
graphene layers and not between them. Thus, conduction (electrical and thermal) as 
well as acoustic phonon propagation take place in certain directions within a graphite 
crystal, and are negated in others. Cleavage in a graphite crystal takes place easily in 
one direction (parallel to graphene layers or basal planes [0001]), while fracturing 
takes place in others.  
 
Graphite also exhibits very good lubricating properties, popularly believed to be due 
to the ability of the graphene layers to slide over each other. At temperatures above 
200 °C, the friction coefficient of graphite is minimised (Nosov, 1972). Thus it has 
been postulated that graphite is a very good dry lubricant, however, it has been found 
that graphite ceases to be a lubricant in a vacuum. Telling and Heggie (2003) 
suggested that the lubricating properties of graphite should be more accurately 
described as the step-by-step sliding of layers through the propagation of dislocations, 
and not the movement of entire sheets at once. They further suggested that the 
chemical environment, surface termination and intercalation may play roles. The 
lubricating properties of graphite are greatly improved in the presence of an agent, 
such as MoS2, PbS, PbO or CdO. A minimum additive concentration of about 30% is 
required (Nosov, 1972).  
 7 
2.1.3. Uses of graphite 
 
Graphite has found application in many different fields due to its crystal structure and 
distinct physical properties. Fields of application include manufacturing, electrical, 
mechanical, metallurgy, lubrication as well as the chemical and nuclear industries. 
The application of graphite in the nuclear industry is discussed in a dedicated section 
(2.3). A brief account of the applications of graphite in various fields follows.  
 
Mechanical applications include piston rings, bearings, vanes, as well as shafts and 
fuel pumps in jet engines. Graphite is sometimes used as electrodes for electrolysis in 
chemical applications. In the manufacturing industry, graphite is used as moulds, 
crucibles and ladles. Graphite is also used in the brushes of electrical motors as well 
as in batteries. Synthetic graphite can be tailor-made with the desired properties for a 
particular application, as is discussed in the next section. 
 
2.2. Manufacture of nuclear grade graphite 
 
2.2.1. Coke production 
 
There are several processes used in industry for the manufacture of carbon blocks, 
however all of these processes are preceded by the selection of a suitable coke. Cokes 
can be formed as by-products in the petroleum and coal industries, and are also found 
in natural forms. The cokes vary in purity and structure. Once a coke has been 
selected, it is broken up and calcined between 900 and 1300 °C. This is done in order 
to repel volatile material and to lessen shrinkage later in the manufacturing process. 
The coke is then crushed and milled. Grading of the coke takes place before it is 
supplied to the graphite manufacturer. The particular choice of coke size, structure 
and purity decides the virgin as well as irradiation properties of the final product. A 
selected group of coke grades are then mixed with a binder, the coke particles referred 
to as “filler particles” (Marsden, 2000). 
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2.2.2. Common manufacturing processes of carbon blocks 
 
The different processes used by graphite manufacturers (Marsden, 2000) are listed 
below, with a brief description of each included for clarity. 
 
Extrusion                   – The mixture is forced through a die, the pressure and extrusion 
rates controlled in order to maintain a desired quality of 
product. Graphite produced in this way generally has 
anisotropic properties. 
 
Moulding (pressing) – Blocks are moulded or pressed from one or two directions 
simultaneously. Moulded graphite is usually isotropic in 
nature 
 
Iso-static moulding    –  External pressure is applied to a rubber bag containing the 
coke mixture. The pressure applied to the mixture is uniform, 
thus producing very isotropic graphite 
 
Vibration moulding    – A mould containing the coke mixture is vibrated in order to 
compact the mixture. The mixture is then pressed from one 
side while being vibrated under load. 
 
The material which results from the above processes is often referred to as the “green 
article”, and is quenched in water. The green article is then baked at 800 °C in order 
to drive off volatile materials and also to form a coke from the binder. At this stage 
the material has a poor heat conductivity (~ 30 W/m/K), and cooling can produce 
cracks within the material due to internal temperature gradients. The repulsion of 
volatile gases during baking produces gas evolution pores. This is the stage at which 
the porosity of the manufactured graphite is established (Marsden, 2000). 
 
2.2.3. Graphitization of carbon blocks 
 
Two methods of graphitization are generally used. Each is listed below accompanied 
by a brief description. 
 9 
Acheson Furnace    – The carbon blocks are stacked within a large open furnace and 
covered in a conductive coke. An electric current is applied to 
the furnace bed and the blocks heated to ± 3000 °C. 
 
Modified Acheson  – The methodology for the Acheson furnace is followed, except 
that the electric current is passed through the carbon blocks and 
not the furnace bed. 
 
During the process of graphitization, the carbon crystallizes and impurities are driven 
off. The electrical and thermal conduction of the carbon greatly improves as a result 
of crystallization to a graphite structure. The purity of the product can be improved by 
heating in an Acheson furnace at about 2400 °C in the presence of a halogen gas. The 
generalised graphite manufacturing process is summarized in Fig. 2.2.1 (Marsden, 
2000). 
 
Due to the difference in the coefficient of thermal expansion (CTE) in the a-direction 
(planar) and c-direction (inter-planar) of the graphite crystal, cracks are formed during 
the cooling after graphitization. [CTEs: a-direction αa ~ 26.5 x 10-6K-1, c-direction αc ~ 
-1.5 x 10-6K-1] These cracks are referred to as Mrozowski cracks. Graphite shows 
resistance to thermal shock since the cracking allows expansion of the crystal in the c-
direction without inter-crystalline cracking taking place (Marsden, 2000). 
 
2.2.4. Manufacture of Fuel spheres 
 
The processes applied for the manufacturing of the nuclear reflector material analysed 
in this study were not made available to the author. It was therefore assumed that the 
manufacturing process was similar to that described in sections 2.2.1. to 2.2.3. The 
manufacturing process of the fuel sphere was known, and is summarized in Fig. 2.2.2. 
 
Natural graphite and synthetic graphite are ground and then mixed with a phenolic 
resin to form a resinated powder. This powder is then ground further and sieved. The 
fuel particles, powder and a solvent are placed in a mould. The mixture is then 
pressed and heated to between 120 and 200 ºC, which cures the binder and forms the 
compact.  
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Figure 2.2.1. A summary of the graphite manufacturing process. (Marsden, 2000) 
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Figure 2.2.2. A summary of the manufacturing process for fuel spheres. (Pappano et 
al., 2008) 
 
 
The compact is then removed from the mould and carbonized at 800 °C in the 
presence of N2 gas. Heat treatment at 1800 °C follows (Pappano et al., 2008). 
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2.3. Applications and required properties of graphite in the Nuclear Industry 
 
In this section, applications of graphite in the nuclear industry are discussed. 
Emphasis is placed on the intended applications for the two graphite materials 
investigated in this study, with the desired material properties for each application 
included. 
 
2.3.1. General applications 
 
Graphite (or carbon) has been proposed as a candidate material for use in future 
fusion reactors. A possible application is to manufacture the plasma facing walls 
within the reactor core from graphite. However, graphite corrodes at the high 
temperatures at which fusion takes place, and also degrades under high neutron doses. 
It has been proposed that these inefficiencies can be overcome by doping the graphite 
with carbides (Garcia-Rosales et al., 2001). 
 
For fission reactor applications, graphite is used for reactor core components, such as 
the neutron reflector and moderator (control rods in conventional reactors), as well as 
major core structural components (Marsden et al., 2005). 
 
2.3.2. Applications in the Pebble Bed Modular Reactor 
 
The two graphitic materials studied in this work were intended for use in the Pebble 
Bed Modular Reactor (PBMR) high temperature test reactor (HTTR) core design. One 
material was the graphite used for the fuel element and the other that which is used for 
the core reflector. The functions of the fuel sphere (element) in the design of the 
PBMR are:  
 
i) To keep the embedded fuel particles within close proximity in order to 
increase the probability of a localized fission chain reaction taking place. 
 
ii) To act as a moderator in order to control the rate of local chain reactions 
taking place. 
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iii) To act as a heat conductor in order to transfer the heat generated within the 
fuel particles to the reactor environment. 
 
The functions of the core reflector are (Bodmann, 1987): 
 
 i) To prevent radioactive contamination of the outside environment. 
 
 ii) To act as a neutron moderator. 
 
 iii) To act as a neutron reflector. 
 
 iv) To provide structural integrity to the core (outside core reflector sleeves). 
 
2.3.3. Effects of irradiation on the physical properties of graphite 
 
Graphite reactor core components are subjected to large neutron and x-ray irradiation 
doses during reactor operation. Some of the components are frequently replaced, such 
as the fuel elements, however some of the components remain within the reactor core 
for the lifetime of the reactor. These components, such as the permanent reflector, 
must therefore maintain their structural integrity throughout the lifetime of the reactor. 
The resultant irradiation effects on the component graphite have many implications 
with regards the safety of reactor operation, and is therefore a very important field of 
investigation.  
 
Carbon has been used as a moderator in conventional nuclear reactors for many years. 
The effects of neutron irradiation on the properties of graphite are therefore well 
known. Of concern to the reactor designer are properties of graphite which change 
due to irradiation effects, which include: induced dimensional changes, irradiation 
creep, co-efficient of thermal expansion (CTE), Young’s modulus, strength and 
thermal conductivity (Marsden et al., 2005). Also, the damage induced by atomic 
displacements, as well as the products of nuclear transmutations, are important factors 
(Federici, 2004). 
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The following changes occur for graphite under fast-neutron irradiation: 
 
Dimensional changes   -  Components initially shrink due to their open 
microstructure. After a certain dose (turn around dose), the 
components begin to swell. This swelling continues for as 
long as the component is subjected to the reactor core 
environment (Vreeling et al., 2008).  
 
Irradiation creep           - Swelling of the components leads to induced stress. These 
stresses can lead to the structural failure of the components. 
 
CTE                             -  At the temperatures of fission reactor operation, the 
coefficient of thermal expansion in the a and c-directions is 
independent of the irradiation dose. This finding however is 
only supported by data in the range 450 – 600 °C. 
 
Young’s modulus         -  The elastic modulus increases with temperature up to ± 
2000 °C, and decreases to zero at ± 3000 °C. The increase 
in elastic modulus at operational temperatures is small, but 
should be taken into account by the reactor designer. 
 
Thermal conductivity    -  This is a function of dose and temperature, increasing with 
increased doses. 
 
Interstitial carbon atoms also result from neutron irradiation. Simmons (1965) 
proposed that these interstitial atoms agglomerate to form dislocation loops, or extra 
basal planes between the original basal planes of the graphite crystal (Fig. 2.3.1). 
These effects increase the size of the crystal lattice in the c-direction, and decrease the 
size perpendicular to the c-direction (Federici, 2004). Tanabe et al. (1999) have more 
recently proposed another model for the damage process in graphite. They proposed 
that vacancies are formed within the basal planes of graphite crystals due to 
displacement cascades. The vacancies accumulate, leading to the formation of non- 
hexagonal carbon rings within the basal planes. The buckling of the basal planes, as  
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Figure 2.3.1. Defects in graphite by displacement cascade due to neutron irradiation 
as proposed by Simmons (1965). (Marsden et al., 2005) 
 
well as local rotation of the fragmented crystals, accrues from the accumulation of 
vacancies (Fig. 2.3.2). 
 
2.3.4. Requirements for graphite used in High Temperature Reactors  
 
In light of the changes in the properties of graphite under neutron irradiation, it is 
important to employ suitable graphite in the reactor core components in order to 
maintain the required safety margins of reactor operation.  As proposed by Marsden 
(2000), graphite to be utilised in high temperature reactors (HTRs) should conform to 
certain requirements. These proposed specifications are listed below, accompanied by 
a brief description of each. 
 
Density                         – high density graphite is desirable, since the higher the 
moderator density, the lower the core volume. The nuclear 
graphite should have a density of approximately 1.8 g/cm3. 
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Figure 2.3.2. Damage process in graphite due to neutron irradiation as proposed by 
Tanabe et al. (1999).  
 
Thermal conductivity   – nuclear graphite should be well graphitized (highly 
crystalline) and posses a thermal conductivity (indication of 
crystallinity) in the region of 145 W/m/K.  
 
Neutron absorption       – a low neutron absorption cross-section, between 4 and 5 
mBarns, is desired. This can be calculated from known 
chemical impurities. 
 
Irradiation stability       – the physical dimensions of the graphite should not change 
significantly during irradiation. A coefficient of thermal 
expansion of 4.0 - 5.55 x 10-6 K-1 (20 – 120 °C) is desired. 
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Strength                         – the graphite should have a high tensile strength of ± 20 
MPa. 
 
Reactivity                      –  the rate at which the graphite oxidises in air should be 
between acceptable levels (0.2 to 0.01 mg/g-h). This 
criterion is important in the case of air entering the reactor 
core (leakage). 
 
2.4. X-ray diffraction studies on graphite 
 
2.4.1. Graphite structure by X-ray diffraction (XRD) 
 
Until the early 1940s, graphite was considered to have a purely hexagonal structure 
with the following unit cell dimensions; a = 2.465 Ǻ and c = 6.696 Ǻ (Tzrebiatowski, 
1937). Lipson and Stokes (1942) noted however that the purely hexagonal 
consideration did not account for some faint lines which occurred on x-ray powder 
diffraction photographs of well crystallized graphite obtained by Taylor and Laidler 
(1940). Upon investigation of graphite crystallized by arcing, Lipson and Stokes 
proposed the existence of a rhombohedral structure which contributed the extra lines 
in the x-ray diffraction photographs. They further proposed that the photometry data 
obtained could be completely explained for a structure which was composed of 14 % 
of the new structure (rhombohedral graphite), 6 % of the disordered structure 
(turbostratic carbon) and 80 % of the ordinary structure (hexagonal graphite). They 
also noted that the existence of the rhombohedral structure was prevalent in many 
graphites known at the time. It is now well known that graphite has two 
crystallographic phases, hexagonal (2H) and rhombohedral (3R), and that the 
concentration (or percentage) of 2H and 3R in a graphite material can vary (Shi et al., 
1996). Zhao et al. (1989) investigated the effects of compression on graphite up to 20 
GPa, and found upon the release of the pressure a mixture of hexagonal and 
rhombohedral graphite. 
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2.4.2. Effects of ball milling and grinding on graphite determined by XRD  
 
Crespo et al. (2006) found that for graphite samples ground for up to 120 minutes, the 
crystallite sizes (ordered domains) in the a-direction (La) and the c-direction (Lc) 
decrease consistently with grinding time. The 3 dimensional arrangements of the 
carbon layers were reported to be unchanged however. It was thus concluded that 
shear stress diminishes the average crystallite size in graphite. 
 
The effects of ball milling on graphite have been extensively investigated by many 
authors (Wakayama et al. 1999, Huang 1999, Fukunaga et al 1998). All have found 
that the peaks on the x-ray diffraction scans of graphite (especially the 002 peak) 
become more diffuse and lower in intensity with increased milling time, and have 
attributed these changes to deformation structures and the amorphization of the 
graphite.    
 
2.5. Fracturing of graphite 
 
In this section, previous work done with regards the fracturing mechanism of graphite 
is discussed. 
 
Salazar et al. (2002) found that: 
 
i) The damage initiation mechanisms of two polycrystalline graphites and 
a carbon-carbon composite did not change appreciably when fractured 
at cryogenic temperatures. 
  
ii) The flexure strength and fracture toughness of the polycrystalline 
graphites investigated were negatively affected by the pore and coke 
grain sizes. 
  
Leng et al. (1998) observed that the fracture work of flexible graphite sheets increases 
with increasing density and flake size. In turn, Kern et al. (2006) have stated that a 
strategy to improve the strength of graphite is to move to smaller grained graphites 
and to limit the size of the pores during manufacturing. Kern et al. also stated that 
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graphite produced from sinterable carbon precursors consists of a single phase, free of 
grain boundaries. The intrinsic strength is therefore higher than fine grained graphite. 
 
2.5.1. The influence of microstructure on fracture mechanisms 
 
Burchell et al. (1987) identified three microstructural properties of nuclear graphites 
which influence crack initiation and propagation during fracture, namely; the porosity, 
the binder phase and filler particles (or grains).  
 
2.5.1.1. Porosity 
 
It had been identified that the porosity plays two important roles in the fracture 
mechanics of nuclear graphites: a) crack initiation due to the intensifying of the stress 
field in the regions of favourably oriented pores at low applied stresses and b) cracks 
could be drawn to pores in their vicinity due to the stress field around the pore. In 
some cases crack propagation had been observed to increase in the vicinity of a pore, 
whilst other observations include the termination of a crack in the region of a pore. 
 
2.5.1.2. Binder phase 
 
Two types of microstructure in the binder phase had been arbitrarily defined: a) 
regions of common basal plane alignment extending over linear dimensions of 100µm 
or more (domains) and b) small regions with common basal plane alignment of less 
than ~ 10 µm, comprised of randomly oriented pseudo-crystallites (mosaics). It has 
also been reported that cleavage of domains took place at stresses well below the 
material fracture stress, while cleavage of mosaics occurred near the material fracture 
stress. Also reported were the observations that at stresses well below the material 
fracture stress, cracks were initiated in domains in the vicinity of pores, and cracks 
were either deflected by or arrested in the mosaic regions. 
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2.5.1.3. Filler particles 
 
It was found that filler particles with good basal plane alignment were highly 
susceptible to crack propagation; the crack taking advantage of the easy cleavage path 
along the basal planes. 
 
In light of the observations made by Burchell et al. (1987), upon analysis of the 
fracture face of a material, one is able to determine whether the material exhibits a 
high degree of crystallinity (long range alignment of basal planes). For a highly 
crystalline graphite material one would anticipate cleavage along basal plane 
directions, leading to the exposure of crystal faces (Salazar et al, 2002). Also, for 
coarse graphite, it is anticipated that the shear fracture surface be coarse and 
somewhat jagged, since crack propagation has to penetrate the structure of the 
graphite (Manhani et al., 2007).   
 
2.6. Chemical etching of carbons 
 
2.6.1. A suitable etching solution  
 
In a study of the microstructure of fuel particles used in HTRs, Helary et al. (2004) 
report that a Murakami reagent (aqueous solution of NaOH and potassium 
ferricyanide) was used to reveal the microstructure of the fuel particles. SiC, which is 
considerably harder than graphite, is used as one of the layers in the fuel particle. The 
fuel particle also contains a buffering layer of pyrocarbon. Helary et al. therefore 
imply that Murakami’s reagent is a sufficient oxidizing agent for carbons and 
carbides, which is supported by The BUEHLER® SUM-MET™ Guide to Materials 
Preparation and Analysis (2004). Mashkovich et al. (1967) demonstrated that a 
mixture of equal amounts of concentrated H2SO4 and a 5 % aqueous solution of 
K2Cr2O7 fully dissolves carbon materials. Neproshin et al. (1968) compared the 
efficacy of the solution of Mashkovich et al. with other oxidizer solutions, and 
observed in preliminary experiments that the solution of Mashkovich et al. yielded the 
best results. Neproshin et al. observed that:  
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i) A mixture of equal amounts of concentrated H2SO4 and a 5 % aqueous 
solution of K2Cr2O7 is a suitable oxidizer solution for the chemical 
etching of carbon-graphite materials prepared by thermomechanical 
treatment. 
 
ii) It is possible to reveal the structure in smeared microsections, the 
smearing being a result of polishing the graphitized material. 
 
2.6.2. The chemical reactivity of graphitic surfaces 
 
Consider the (0001) graphite surface (basal plane) in Fig. 2.6.1. The carbon atoms 
within the plane are arranged in hexagonal ring structures. At the unbonded edges of 
the basal plane there exist carbon atoms which are only bonded to two other carbon 
atoms, not three atoms as those in the interior of the plane. The two-neighbour sites 
can be separated into two categories; zig-zag edges and armchair edges. 
 
Stevens et al. (1999) recounted the work of other authors (Hughes and Thomas, 1962; 
Thomas, 1965; Thomas and Hughes, 1964), and included the following observations: 
 
i) Under various etching conditions, multilayer etch pits have been observed 
to be bounded by both zig-zag and armchair sites. 
 
ii) Multilayer pits etched in air below 1000 °C are generally bounded by 
armchair edges; the suggestion that zig-zag edges etch faster than armchair 
edges was made by the authors. 
 
iii) Although the activation energies of zig-zag and armchair edges were 
essentially similar, it was observed that zig-zag edges etched 10 – 20 % 
faster than armchair edges. 
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Figure 2.6.1. The prismatic surfaces of a graphene monolayer (basal plane) in a 
graphitic material. The armchair and zigzag edges are defined. (Stevens et al., 1999) 
 
Stevens et al. (1999) modelled the etching of monolayer and multilayer pits, varying 
the relative probabilities of etching taking place on zig-zag and armchair edges (Figs. 
2.6.2 and 2.6.3). One of the conclusions drawn from the results obtained was that 
monolayer etching is primarily determined by the differences in etching rates at 
different edge sites. 
 
Incze et al. (2003) studied the interaction between atomic oxygen and graphite on 
various surfaces, and characterized the prismatic edges reactively. They concluded 
that:  
 
i) For the (0001) basal edge, the most reactive is the bridge site (bond 
between two carbon atoms within the graphene layer). As the oxygen 
content is increased, the adsorption energy at this site becomes more 
positive.  
 
ii) CO2 can be formed by a process involving CO gas, explaining why the 
CO production rate is larger than that of CO2 during the oxidation of 
prismatic surfaces. 
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Figure 2.6.2. A zig-zag edge oxidizing sequence for a higher etch rate of armchair 
sites than zig-zag sites, modelled by Stevens et al.  
 
iii) Preferential adsorption sites of oxygen on graphite surfaces can be 
identified by total energy calculations, these calculations providing an 
atomistic interpretation of the etching of the surfaces. 
 
Figure 2.6.4 is a table extracted from Incze et al. (2003). In this table, the graphite 
edges are arranged according to reactivity with atomic oxygen (binding energy). From 
Fig. 2.6.4, the arrangement of the edges according to the probability of etching taking 
place at the edge site is: zig-zag edges, then armchair edges, followed by basal 
(bridge) sites. The probability that etching will take place along basal edges is 
considerably lower than that of the prismatic edges.  
 
From the above observations made by the cited authors, it is clear that selective 
etching of a graphite surface takes place.  
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Figure 2.6.3. An armchair edge oxidizing sequence for a higher etch rate of zig-zag 
sites than armchair sites, modelled by Stevens et al. (Stevens et al., 1999) 
 
 
 
Figure 2.6.4. A comparison of the binding energy per adatom for the prismatic 
surfaces of a grapheine monolayer. The binding energy per adatom of the basal edge 
is provided for comparison. (Incze et al., 2003) 
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2.7. Nano-indentation of carbons 
 
Nano-indentation is a non-destructive technique useful in determining the Young’s 
modulus of a material as well as its hardness. Ishihara et al. (1997) have successfully 
applied micro indentation techniques in order to measure residual stress/strain in high 
temperature test reactor (HTTR) components. This was an important undertaking 
since, as mentioned in section 2.2.3, residual stress/strain within a reactor core 
component can lead to its failure, compromising the operational safety of the reactor.    
  
2.7.1. Indentation behaviour of graphite 
 
Leng et al. (1998) investigated the influences of flake size and density on the physical 
properties of flexible graphite. Some of the conclusions which they drew from their 
observations include:  
 
i) The tensile strength is sensitive to the material density and the size of 
pristine flakes, increasing almost linearly with increasing density and 
flake size. 
 
ii) The compression and recovery of the flexible graphite sheets is 
sensitive to their density, but not the size of the pristine flakes. Leng. et 
al. (1998) then suggested that good combinations of compression and 
recovery ought to be obtained for material densities ranging from 1.0 
to 1.4 g.cm-3. 
 
iii) The flexibility of the graphite decreases with increasing material 
density and pristine flake size. 
 
Richter et al. (2000) observed that during the nano-indentation of layered graphite 
bulk material, the graphite exhibits both perfectly elastic behaviour as well as 
catastrophic failure of the layers. They also found that the number of broken layers for 
a given applied load is dependant upon the sample and local defect structures. Also, it 
was shown that elastic relaxation of atoms near the top of the graphite crystal occur 
for slow indentation speeds, whereas faster indentation speeds produce bond-breaking 
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and defects. The elastic-plastic behaviour of graphite under indentation loads has also 
been observed by Kanari et al. (1997). 
 
2.7.2. Dislocation glide under indentation loads  
 
The reversible displacement of a Frank partial dislocation just below the surface of a 
graphite specimen was observed by ultrasonic atomic force microscopy (UAFM) 
[Tsuji et al. (2001)]. The dislocation moved laterally a distance of 20 nm as the 
UAFM load was increased by 80 mN, and returned to its original position once the 
load had been removed. They explained the phenomenon using the model of a spring 
force SD, associated with C-C bonding, and a pinning point P (Fig. 2.7.1.). 
 
Tsuji et al (2001) further stated that their observations confirmed the easy sliding 
between carbon layers within graphite, relevant to the performance of graphite as a 
solid lubricant. They also inferred the significant material transport in graphite 
intercalation compounds and carbon nanotubes. 
 
The work of Tsuji et al. may have been performed by UAFM, but the implications are 
of direct significance to nano-indentation. For example, Barsoum et al. (2004) 
observed that the response of graphitic surfaces and polycrystalline graphites to nano-
indentation could be explained by a kinking-based model. The kinking-based model is 
briefly described (also see Fig. 2.7.2.). 
 
The model identifies a reversible hysteretic element - labelled incipient kink bands 
(IKBs) - near parallel dislocation walls which are strongly attractive. If the stress 
levels under indentation loads are insufficient to break the IKBs, then the material’s 
mechanical response is characterized by fully reversible hysteretic loops (elastic 
behaviour). At higher stress levels, the IKBs fail, giving way to mobile dislocation 
walls (plastic behaviour).  
 
Barsoum et al. stated that, because the dislocations are confined to the basal planes of 
the graphite, they do not entangle, and can thus move reversibly over relatively large 
distances. Thus, the observations of Barsoum et al. (2004) using nano-indentation 
techniques correlate well with those of Tsuji et al. (2001), who used UAFM. 
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Figure 2.7.1. Schematic illustration of the reversible glide of a dislocation within the 
atomic planes of highly oriented pyrolytic graphite (HOPG), as observed by Tsuji et 
al. On the right hand side of the figure, SD refers to an elastic spring force between 
the C-C bonds in graphite, and P refers to a pinning point. (Tsuji et al., 2001). 
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Figure 2.7.2. The kinking based model of Barsoum et al. (2004) describing the 
response of graphitic and polycrystalline graphite surfaces to nano-indentation. 
(Barsoum et al., 2004). 
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2.8. Scanning Electron Microscopy  
 
Scanning electron microscopy (SEM) is a non-destructive technique commonly used 
in the surface analysis of materials. This technique can yield topographical as well 
compositional information. In this section, the use of SEM in the analysis of the 
microstructure of graphite is briefly discussed. 
 
The technique of SEM is used extensively in the characterization of nuclear graphite. 
Physical properties such as the material porosity, particle size, degree of 
graphitization (crystallinity) and texture (grains, flakes, needles) can be investigated 
by SEM. Examples of the use of SEM (often in conjunction with other techniques) in 
order to clarify the properties of graphite include: 
 
Salazar et al. (2002)         - Made use of SEM micrographs of the fracture faces of 
varying grades of nuclear graphites to determine the 
mechanisms of crack initiation and propagation during 
fracture. Cleavage along basal plane directions was also 
observed for highly crystalline samples. 
 
Chen et al. (2006)                - Used SEM micrographs of exfoliated graphites of 
varying densities in order to obtain pore area 
information, thus investigating the pore distribution in 
the synthesised graphites. The separation of pores into 
the categories of micropores and macropores was also 
made possible by SEM. 
 
Gornostayev et al. (2007) - Obtained SEM micrographs of blast furnace coke, and 
investigated the appearance, size and morphology of 
particles on the surface of the coke. 
 
There are many more examples of the use of SEM in the analysis of graphite that have 
not been listed here, since doing so would prove to be lengthy. Those which have 
been included were to provide a few examples of the role of SEM in the structural 
analysis of materials. 
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2.9. Transmission Electron Microscopy  
 
Transmission electron microscopy (TEM) is a useful technique for the structural 
analysis of materials. Electron diffraction yields information on the crystal structure 
and phases of the material, while bright field imaging can reveal the defects and 
microstructure. In this section, previous analyses of graphite and graphitic materials 
performed by TEM are briefly reviewed. 
 
2.9.1. Identification of well graphitized and turbostratic carbons 
 
TEM techniques can be used to identify well graphitized and turbostratic carbons, as 
well as defects in each. These techniques included bright field (B-F) imaging, dark 
field (D-F) imaging and electron diffraction. 
 
2.9.1.1. B-F imaging 
 
Jones et al. (1970), and Bhatia et al. (1999), have shown that graphitized and non-
graphitized carbon can be identified in the binder of nuclear graphite. Well 
graphitized carbons are revealed by shrinkage cracks which generally run parallel 
with the graphitic layers (Dubois et al., 1970; Wen et al., 2007). The shrinkage cracks 
(or Mrozowski cracks) should not be confused with delamination cracks. Huang 
(1999) observed delamination cracks as well as “amorphous-like” (turbostratic 
carbon) in graphite, and attributed the production of the delamination cracks to 
damage produced by ball-milling of the material. B-F imaging can also reveal 
thickness fringes caused by coherently scattering domains in carbon materials (Otte et 
al., 1965). Salver-Disma et al. (1999) identified large graphite grains in carbon 
materials using B-F imaging. Non-graphitized carbons can be identified by the chaotic 
structures of turbostratic carbon (Wen et al., 2007 and Huang, 1999). 
 
2.9.1.2. D-F imaging 
 
D-F imaging can be used to identify grains in polycrystalline graphites. Salver-Disma 
et al. (1999) successfully applied this technique in identifying polycrystalline graphite 
grains in mechanically milled carbons. They also determined the relative sizes of the 
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grains by Moiré fringes caused by the grains themselves. Otte et al. (1965) used D-F 
imaging to reveal almost parallel dislocations in pure carbon materials.  
 
2.9.1.3. Electron Diffraction 
 
The electron diffraction patterns obtained for amorphous, turbostratic and well 
graphitized carbons are distinctly different. The different degrees of graphitization 
within a specimen can therefore be identified. Well graphitized carbons can be 
separated into two groups: monocrystalline and polycrystalline. It is intuitive, as well 
as elementary, that electron diffraction of monocrystalline carbons yield distinct 
diffraction patterns synonymous with those produced by hexagonal lattice structures 
(or rhombohedral in the case of 3R graphite). Such a diffraction pattern consists of a 
bright central spot (transmitted beam) surrounded by regularly spaced spots of lower 
intensity. Variations in the arrangement of the diffraction pattern are consistent with 
various directions of the incident electron beam. The electron diffraction patterns 
obtained from polycrystalline graphites are somewhat different; the bright central spot 
is more diffuse, and is surrounded by spots of lower intensity arranged in concentric 
rings. The distance of each concentric ring from the centre of the transmitted spot 
corresponds with a particular diffraction index (plane). Such diffraction patterns have 
been observed by Schiffmacher et al. (1980), Kovalevski et al. (2005) and Salver-
Disma et al. (1999).  
 
Turbostratic carbons exhibit diffraction patterns consisting of a bright central spot 
which is surrounded by (and sometimes enclosed by) elliptical arcs. Such elliptic arc 
diffraction effects have been observed by Huang (1999), Cowley et al. (2000), Otte et 
al. (1965) and Schiffmacher et al. (1980). Otte et al. attributed the elliptical patterns 
to rotational stacking faults between the graphene layers, whereas Schiffmacher et al. 
attributed them to purely translational stacking disorder of the graphene layers in their 
observations. All the authors however agree that the elliptical diffraction patterns are 
caused by the disordered stacking of the graphene layers in turbostratic carbons. 
 
Amorphous carbons show diffraction patterns consisting of a very diffuse bright 
central spot surrounded by a diffuse concentric ring or rings. 
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Chapter 3 - THEORY OF EXPERIMENTAL TECHNIQUES 
 
In this chapter, theories which are pertinent to the techniques used in this study are 
discussed.  The chapter is divided into sections, each dealing with a particular 
experimental technique. Only theories which are of direct relevance to the results 
obtained or analyses thereof are discussed. 
 
3.1. Chemical Etching 
 
Chemical etching is a process during which material is removed from a surface 
through oxidation of the material by the chemical reagent. A more rigid definition is 
given as “the dissolution of the material of a surface by subjection to the corrosive 
action of a liquid or gaseous acid or an alkali” [ASTM F127-84]. Chemical etching is 
done by immersion of the material surface in the etching solution for a desired time. 
Submersion time of the material surface in the etching reagent varies with etch 
strength and is determined by experience. Whilst polishing a material surface may 
reveal characteristics such as porosity and cracks, chemical etching may reveal more 
detail. For a carbon-graphite material surface which has been smeared due to 
mechanical polishing, the chemical etching of the material can reveal its 
microstructure (Neproshin et al., 1970).  
 
After etching, it is important to keep the oxidized material in solution during rinsing 
of the sample. Since the solubility of the oxidized material in the complexing agent is 
pH dependant, changing the pH of the complexing agent may result in the 
precipitation of the oxidized material on the sample surface.      
 
3.1.1. Possible reactions for the Murakami etching of carbon 
 
The Murakami reagent is formed by mixing a basic aqueous solution of KOH with 
K3Fe(CN)6. Once the graphite surface has been etched using the Murakami reagent, 
the sample should be rinsed in a dilute aqueous KOH solution before rinsing in water. 
This is done in order to remove the oxidized material while preventing its 
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precipitation on the sample surface. The following is an explanation of the reactions 
which may occur during the oxidation of carbon:  
 
The ions involved in the oxidation-reduction reaction will be the Fe3+ ions [from the 
K3Fe(CN)6], and the C ions [from graphite], which will be oxidized to C4+ as follows: 
 
3 24 4 4Fe e Fe+ − ++ →  
and 
4 4C C e+ −→ +  
 
The equations together yield 
 
+++ +→+ 423 44 CFeCFe     
 
3.1.2. Possible reactions for the chromatic acid etching of carbon 
 
The chromatic acid is formed by mixing an aqueous solution of K2Cr2O7 with dilute 
H2SO4. After etching with chromatic acid, the sample should be rinsed in a dilute 
sulphuric acid solution before rinsing in water. Possible reactions which may occur 
during the oxidation of C (graphite) while etching with a chromatic acid solution 
include: 
 
2 3
2 7 214 6 2 7 0Cr O H e Cr H
− + − ++ + → +  
and 
4 4C C e+ −→ +  
 
From these equations: 
 
2 3
2 7 24 56 24 8 28Cr O H e Cr H O
− + − ++ + → +  
and 
46 6 24C C e+ −→ +  
 
The two reactions together yield: 
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2 3 4
2 7 24 56 24 8 28 6Cr O H e Cr H O C
− + − + ++ + → + +  
 
3.2. Fracturing 
 
The fracturing of a specimen can yield microstructural information pertaining to the 
bulk of the specimen, since the bulk of the material at the fracture face is then 
exposed. Li et al. (2006) found that preferential directions of breaking and folding 
occur in torn hexagonal graphite layers (Fig. 3.2.1.). In light of the observations made 
by Burchell et al. (1987) and Li et al. (2006) for highly crystalline graphite, it is 
reasonable to anticipate cleavage along basal plane directions, leading to the exposure 
of crystal faces (long range alignment of basal planes). This was also observed by 
Salazar et al (2002).   
 
The manner in which graphite fractures under load (fracture mechanics) is 
predominantly determined by its microstructure (Burchell, 1996). Burchell’s fracture 
model of nuclear grade graphites shows very good agreement with experimental 
results obtained for a wide variety (over 3 orders of magnitude) of filler particle 
(grain) sizes. For this reason, the microstructural fracture model of nuclear graphites 
as proposed by Burchell (1996) is briefly discussed, with emphasis on the more 
pivotal aspects of the model. 
 
3.2.1. A fracture model for polygranular graphites 
 
In the Burchell fracture model, the graphite material is comprised of an array of cubic 
particles of dimensions equal to that of the mean particle size, each assumed to have a 
plane of weakness making an angle θ with the applied stress σ (Fig. 3.2.2). The pores 
within the material are randomly distributed, their size log-normally distributed, each 
having a stress intensification factor Ki. Ki is quantified by the applied stress and the 
crack half-length c. Cracks are considered to initiate from the pores and propagate 
along the planes of weakness within the particles. In the vicinity of pores, a stress 
intensity factor KI (a function of Ki and θ) and a critical stress intensity factor KIC are 
defined. When KI exceeds KIC, the particle is adjudged to have failed. 
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Figure 3.2.1. An illustration depicting the preferential breaking and folding directions 
within a hexagonal graphite plane. l, m and n are three possible breaking directions; 
and o-o and p-p are two possible folding axes .(Li et al., 2006) 
 
Burchell developed an equation which relates KIC to θ; 
  
1
3
12cos
( )
ICK
c
θ
σ pi
−
 
=  
  
                                               (3.1) 
 
Burchell considered a row of n graphite particles ahead of a crack front, with the 
angle θ below which the particle is considered to have failed (equation 3.1), and 
assumed that the orientation of the failure planes about the x-axis is uniform (Fig. 
3.2.3.). The probability of particle failure Pi, is given by: 
 
1
3
14 cos IC
i
KPi
Kpi
−
 
=  
 
                                               (3.2) 
 
This yields the probability that a particle will fail in the row ahead of a crack front. 
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Figure 3.2.2. The microstructure of graphite as envisaged by the Burchell fracture 
model, illustrating the porosity as well as cleavage planes within the material. 
(Burchell, 1996) 
 
 
Figure 3.2.3. The fracture criterion as illustrated by Burchell (1996) 
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Applying the limits of probability to equation 3.2 yields the condition; 
 
2 2IC i ICK K K≤ ≤                                                  (3.3) 
 
Burchell developed an approximate probability Pf that failure will occur from a pore 
of half-length c, which is   
 
( )
1
3
1
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f
KbP di
a c iapi σ pi
−
  
  ≈   +   
∫                            (3.4) 
 
where b is the breadth of the crack front, c the initial pore length and i an integer. 
 
From equation 3.4, the probability for total specimen failure PTOT, can be obtained as: 
 
( ) ( ) ( )
2
2
0
1 1 1 ,
NV
NV
TOT S fP P f c P c dcσ
∞ 
= − = − − 
 
∫                      (3.5) 
 
where PS is the probability of pore survival, N is the number of pores per volume and 
V the specimen volume. 
 
Predictions of the tensile failure probabilities were made using the SIFTING code 
which Burchell had developed for the model. Graphite material parameters which 
were required for input include: particle critical stress intensity factor (KIC), mean 
filler particle size, bulk density, mean pore size and pore-size distribution width, mean 
pore area, number of pores per cubic meter, specimen breadth and specimen volume.   
 
As is evident from the Burchell fracture model, the porosity of the graphite specimen 
is the overwhelming factor which determines the fracture mechanisms as well as the 
strength of the material. 
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Figure 3.2.4. Burchell’s consideration of a row of particles ahead of a crack front 
when developing the probability of particle failure. (Burchell, 1996) 
 
3.3. Nano-indentation 
  
A CSM Instruments® nano indenter with Berkovich tip, employing the method of 
Oliver and Pharr, was used in the indentation of the graphite samples. The theoretical 
aspects of the nano-indentation of a material are briefly reviewed. The theories 
discussed include the methods and equations which are utilised by the machine 
software in order to generate specific outputs such as material hardness, Young’s 
modulus, Vicker’s hardness, contact stiffness, indenter contact depth, remnant depth, 
tangent depth, epsilon and the projected contact area. 
 
3.3.1. A typical indentation curve 
 
Fig. 3.3.1. shows a typical indentation curve of the indentation depth as a function of 
the indenter load for a material as given by the user’s guide. The curve consists of two 
parts; loading (F = 0 mN to Fm) and unloading (F = Fm to 0 mN). The symbols used 
are defined as follows: 
 
Fm = maximum force exerted by the indenter tip 
hm = maximum penetration depth of indenter into material surface 
hc = indenter contact depth 
hr = tangent depth 
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Figure 3.3.1. A typical indentation curve as depicted in the CSM Instruments® 
Software User’s Guide. The definitions of the symbols used are given in the text 
below. (CSM Instruments® Software User’s Guide, 2006)  
 
hp = remnant depth of material 
S = contact stiffness 
ε = geometrical constant 
 
3.3.2. The method of Oliver and Pharr 
 
The method of Oliver and Pharr is also known as the power law method, and 
recognizes that the first portion of the unloading curve may not be linear. The method 
assumes a power law relationship, given by 
 
( )mpF k h h= −                                                     (3.6) 
 
where k is a constant, m depends on the indenter geometry and h is the maximum 
indenter depth measured from the calibrated sample surface.  
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A power law is used to describe the upper portion of the unloading curve, given by 
 
max
m
p
m p
h h
F F
h h
 
−
=   
− 
                                            (3.7) 
 
where the constants hm and hp are determined by a least squares procedure. The 
contact stiffness (S) is given by the derivative at the maximum load (Fm), which is 
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The tangent depth (hr) is thus given by 
 
max
r m
Fh h
S
= −
                                                  (3.9) 
 
while the contact depth (hc) is 
 
.( )c m m rh h h hε= − −                                             (3.10) 
 
where ε depends on the power law exponent m. 
 
Evaluation of the unloading curve at Fmax yields the tangent, and its intercept with the 
depth axis yields hr. 
 
3.3.3. Acquisition of parameters   
 
Fig. 3.3.2. is a schematic representation of the indenter contact with the sample 
surface. Fm, hm and hp are directly acquired from the indenter machine hardware via 
the software. S, m and hr are determined by the method of Oliver and Pharr. 
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Figure 3.3.2. A schematic representation of the indenter-sample. (CSM Instruments® 
Software User’s Guide, 2006) 
 
The determination of hc is given by the equation 
 
( )c m m rh h h hε= − −                                            (3.11) 
 
The value of ε is estimated using the m value, which in turn is dependant on the 
diamond shape of the indenter. For the particular Berkovich indenter used for the 
nano-indentation experiments in this work, the values of ε and m are both estimated at 
1. The projected contact area (Ap) is calibrated for each series of indents on a sample 
surface, while the hardness of the material HIT is given by the equation 
 
max
( )IT p c
FH
A h
=
                                                     (3.12) 
 
3.3.4. Berkovich nano-indenter tip specifications 
 
The specifications for the geometry of the Berkovich tip used for the nano-indentation 
of the sample surfaces in this work are provided in table 3.1.  
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Table 3.1 – Berkovich indenter tip geometry 
αt 141.9° 
α 65.03° 
Ad/h2 2
sin3 3 26.43
cos
α
α
− ≈  
Ap/h2 23 3 tan 23.96α− ≈  
Ad/Ap 1/ sin 1.10α ≈  
αt = total included angle 
α = angle between axis of diamond pyramid and the three faces 
Ad = Ac = As = developed contact area 
Ap = projected contact area 
 
3.4. X-ray Diffraction (XRD) 
 
The generation of x-rays as well as the diffraction thereof by a crystal lattice will be 
briefly discussed here. For a complete discussion of x-ray diffraction the reader is 
encouraged to consult the work of B. Cullity and S. Stock, “Elements of X-ray 
Diffraction” (3rd Edition, Prentice Hall), 2001. A brief consideration of the aspects 
and techniques which are pertinent to the analyses applied in this study is provided. 
 
3.4.1. Characteristic radiation 
 
Characteristic radiation is caused by an electron in an outer orbital falling to a lower 
energy level in an inner orbital. This process may occur in the following manner: 
 
Consider an electron beam incident upon an atom (Fig.3.4.1.). An incident electron 
beam collides with an electron in the K-shell, imparting energy to the electron, 
exciting it and allowing it to “escape” the potential of the nucleus. An electron in the 
L-shell then drops down to the lower energy K-shell in order to replace the ejected 
electron. In doing so, the electron must release the excess energy, and it does so in the  
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Figure 3.4.1. Characteristic K and L X-ray radiation in a simplified model 
(http://www.niton.com)  
 
form of x-ray radiation. The x-ray radiation is characteristic of the electron shells 
involved in the previously described situation, hence the term characteristic radiation. 
Fig. 3.4.1. illustrates K as well as L shell characteristic x-ray production.  
 
3.4.2. The Bragg law 
 
X-ray diffraction techniques may be used to study the crystal structure of materials. 
Crystalline materials diffract x-rays from their atomic planes, the diffraction pattern 
being dependant on the crystal structure and the wavelength of the incident x-ray 
beam. When the wavelength of the incident x-ray beam is comparable with the lattice 
parameter of the crystal, the beam is diffracted in a different direction from the 
incident beam. 
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Figure 3.4.2. A beam of radiation incident on the planar layers of atoms of a material 
(http:princeton.edu) 
 
Consider a planar arrangement of atoms a spacing d apart, with an x-ray beam 
incident upon them (Fig. 3.4.2.). The radiation is incident on the plane of atoms at an 
angle θ and reflected at the same angle. The path difference for rays reflected from 
adjacent planes is 2dsinθ, where θ is measured from the plane. Constructive 
interference from successive planes occurs when the path difference is an integral 
number n of the wavelengths, so that 
 
2 sin   = nd θ λ
                                                  (3.13) 
 
Equation (3.13) is known as the Bragg Law. For practical purposes it is usually 
assumed that n = 1, allowing one to directly compute the inter-planar spacing (d) of 
the atoms of a crystal from the θ angle obtained for a particular diffraction peak. 
 
3.4.3. Diffraction peak broadening effects 
 
The three prominent causes of diffraction peak broadening in a XRD scan are a) 
machine broadening, b) crystallite size broadening and c) strain broadening 
(Woodward).  
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3.4.3.1. Machine broadening   
 
There are many factors which can influence the accuracy and the resolution of a 
diffractometer. These include misalignment, geometrical contributions (eg. angular 
width of slit in front of x-ray detector) and finite wavelength spread of the incident 
beam, which is dependant on the incident angle of the beam. The typical 
instrumentation broadening of the Bruker D8 diffractometer used for x-ray diffraction 
analysis in this study is shown in Fig. 3.4.3. A curve fit is provided for the angular 
dependence of the machine broadening and is given by the equation 
 
6 29 10 0.0005 0.0623y x x−= × − +                                     (3.14) 
 
where x is the 2θ angle of the relevant peak position and y is the resultant peak 
broadening (∆2θ) at Full Width Half Maximum (FWHM) of the peak. 
 
3.4.3.2. Crystallite size broadening  
 
The average crystallite size is not to be confused with the average particle size. The 
average crystallite size refers to the average dimension of a coherently scattering 
domain, which is only equal to the particle or grain size in a perfect crystal. The 
average crystallite size is given by the Scherrer equation (Gonzalez et al., 2002; 
Wakayama et al., 1999); 
 
( )/ cosVD Kλ β θ=                                              (3.15) 
 
where DV is the volume weighted crystallite size, K is a geometrical constant, λ is the 
wavelength of the radiation used and β is the integral breadth of a peak (in 2θ rad) 
located at the diffraction angle 2θ. A K value of 0.89 corresponds with a spherical 
crystallite (Dinnebier et al.; Wakayama et al., 1999) and was thus used in the analysis 
of the (002) peaks in this work, although one may assume a value of between 0.87 and 
1 (Woodward). For the purposes of diffraction peak analysis in this study it was 
assumed that the peaks were Lorentzian.  
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Figure 3.4.3. Typical instrumental broadening for the Bruker D8 diffractometer as 
provided by Woodward (Woodward). 
 
The integral breadth (β) is the width of a rectangle with the same height and area as 
the diffraction peak under investigation, and can be related to the FWHM (Г) by 
 
2
piβ  = Γ 
 
                (Lorentzian peak)         (3.16) 
 
3.4.3.3. Strain broadening 
 
Although the peak broadening due to non-uniform strain was not investigated for the 
samples analysed in this study, the concept is briefly mentioned. This is done in order 
to show that strain broadening can be separated from crystallite size broadening. 
 
The broadening of a diffraction peak due to non-uniform strain within a crystal lattice 
is given by the relation 
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( )
4 tanstr
β
ε
θ
=
                                                 (3.17) 
 
where εstr is the weighted average strain and β the integral line breadth of the peak in 
question. Comparing equations 3.15 and 3.17, it is clear that crystallite size 
broadening shows a cosθ dependence, whereas strain broadening shows a tanθ 
dependence. Thus the peak broadening due to the two effects can readily be 
distinguished. 
 
3.5. Electron Diffraction 
 
Electron diffraction is the principle by which the transmission electron microscope 
operates, and will be discussed briefly in this section. Only theory directly applicable 
to the TEM techniques used in this study are included. The reader is encouraged to 
consult Williams and Carter (1996) for a complete discussion of the transmission 
electron microscope and related techniques. 
 
3.5.1. Basic operation of the TEM 
 
The basic principles and operation of the transmission electron microscope may be 
compared with that of a slide projector. In the operation of the slide projector, a beam 
of visible light (from a light source) is transmitted through a condenser lens in order 
to make the beam parallel, then transmitted through the slide, after which the parallel 
beam is focused by an objective lens onto a screen. The result is an enlarged image of 
the slide. The same principles of operation apply to the transmission electron 
microscope, with a few exceptions; an electron beam is used instead of visible light, 
magnetic lenses are used instead of optical lenses, and a fluorescent screen which 
emits light when impinged upon by electrons replaces the projector screen. The 
electromagnetic lenses are variable, unlike the lenses used in a projector.  
 
The chamber which the electron beam passes through is evacuated to prevent 
interactions of the electrons with air molecules. Also, the sample under scrutiny must 
be thin enough to allow the transmission of electrons through it.  
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Figure 3.5.1. A simplified ray diagram for the TEM in image mode (left) and 
diffraction mode (right). (http://www.mete.metu.edu.tr) 
 
3.5.2. Electron scattering by crystals 
 
When an electron is transmitted through a solid, it may be scattered elastically or in-
elastically by the atoms of the material. The resultant diffraction pattern is dependant 
on the atomic lattice of the material, and is therefore used in the determination of its 
atomic arrangement. Consider an electron beam incident on a perfect cubic crystal 
(Fig. 3.5.2.). Since the electrons posses a wave nature, the beam will be diffracted 
according to the Bragg condition, which is given by equation 3.13. 
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Figure 3.5.2. A schematic of the scattering of an incident electron beam (I) by a 
crystalline domain. Electrons may emerge from the other side of the sample un-
scattered (T), or diffracted (D) by atomic planes with spacing d. (Goodhew et al., 
2001) 
 
Only the first order diffraction (ie. n = 1) is considered for electron diffraction, and 
sinθ ~ θ since the electron wavelength is so short (because the electron energy is very 
high). Therefore, the Bragg condition can be simplified to 
 
θλ d2=
                                                       (3.18) 
where θ is in radians. 
 
Using standard Miller indices, the interplanar spacing d is given by    
222 lkh
ad hkl
++
=
                                              (3.19) 
 
where a is the lattice parameter of the unit cell. 
 
When electrons are transmitted through a TEM sample, some pass through the sample 
without interaction and hit the screen at a distance L (Fig. 3.5.3.). Other electrons are 
diffracted through an angle 2θ by the crystal planes. The diffracted electrons hit the 
screen at point A, which is a distance R from O. From the geometry of the situation,   
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Figure 3.5.3. A schematic of the geometry related to the diffracted and undiffracted 
electron beams in the transmission electron microscope. (Goodhew et al., 2001) 
 
the following relation is obtained;  
   
θ2=
L
R
                                                        (3.20) 
 
Solving for 2θ in the simplified Bragg equation (3.18) and substituting into (3.20) 
yields 
λλ LRd
dL
R
=⇒=
                                              (3.21) 
 
The constant Lλ is referred to as the camera constant. 
 
3.5.2.1. The Ewald sphere 
 
The Ewald sphere is used to relate the reciprocal lattice to the diffraction pattern (Fig. 
3.5.4). The crystal is represented by its reciprocal lattice in reciprocal space. The 
electron beam is represented by a vector of length 1/λ, which is parallel to the incident 
beam direction and terminates at the origin of the reciprocal lattice. A sphere with 
radius 1/λ is drawn about A. This sphere is known as the Ewald sphere. The Ewald 
sphere passes through a reciprocal lattice point a distance 1/d from the origin.  
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Figure 3.5.4. Construction of the Ewald sphere. (Goodhew et al., 2001) 
 
From the geometry of the Ewald sphere construction; 
 
θλλλθ sin22/1
2/)/1(
sin d
d
d
=⇒==
                              (3.22) 
 
Thus the Bragg condition is satisfied in the construction of the Ewald sphere. From 
the above result, it can be said that diffraction spots will occur at the points where the 
Ewald sphere intersects a reciprocal lattice point. 
 
3.5.3. Bright and dark field imaging 
 
When one applies the techniques of bright field (B-F) and dark field (D-F) imaging, 
the TEM should be used in selected area diffraction (SAD) mode.  
 
Consider an electron beam incident on a sufficiently thin sample. Most of the incident 
electrons will be transmitted through the sample.  The electrons which are transmitted 
through the sample do not all emerge from the sample at the same angle, and have an 
energy spread. This is due to the elastic and inelastic scattering that the electrons 
undergo. An aperture placed in the back focal plane of the objective lens only allows 
electrons which are scattered by an angle greater than 2θ to reach the focal plane of 
the objective lens. The resulting diffraction pattern will contain a bright central spot  
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Figure 3.5.5. Formation of a bright field image. The aperture is placed in such a way 
as to allow the transmitted beam to pass through it. (http://www.mete.metu.edu.tr)  
 
(direct electrons) and various diffraction spots (scattered electrons), and is referred to 
as a SAD pattern. 
 
In order to form a B-F image, the aperture is placed in such a way as to allow only the 
electrons which pass directly through the sample to reach the viewing screen (Fig. 
3.5.5). With the central bright spot in the SAD pattern selected, the microscope is then 
switched to image mode.  
 
The methodology of D-F imaging is similar to that for B-F imaging, except that one 
of the diffracted spots in the SAD pattern is selected by the aperture. A D-F image can 
be formed in two ways: 
 
i) Placement of the aperture as for the bright field imaging and tilting of 
the sample until the diffracted beam is passed through the aperture (on 
axis). 
 
ii) Displacement of the aperture until the diffracted beam is passed 
through it (off axis) (Fig. 3.5.6.).  
 
 53 
 
Figure 5.4.6. Formation of a bright field image. The aperture is placed in such a way 
as to allow the diffracted beam to pass through it. (http://www.mete.metu.edu.tr)  
 
Magnetic lens aberrations are more likely to occur in a dark field image, since the 
electrons used for imaging are far off the optical axis.  
 
The B-F and D-F techniques are useful for providing contrast. A B-F image is formed 
only by electrons passing straight through the sample, resulting in minima in regions 
of the sample where electron diffraction occurs out of the plane of the transmitted 
beam. In a D-F image, only electrons which are diffracted in the plane of the selected 
diffraction spot in the SAD pattern form the image. In a polycrystalline material, D-F 
imaging reveals domains of long range order (crystal planes) which scatter electrons 
corresponding with the diffraction spot selected in the SAD image.  
 
3.6. The Scanning Electron Microscope 
 
The Scanning Electron Microscope (SEM) is a useful and indispensable tool in the 
analysis of the surfaces materials. When used in conjunction with an x-ray micro 
analyzer, the SEM can deliver topographical as well as compositional information 
concerning the surface of the material under investigation. The SEM has 
revolutionized the fields of materials and biological sciences and is widely used in 
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industry. The basic operation of the SEM is briefly discussed. For a detailed 
discussion of the SEM and related concepts, the reader is encouraged to consult 
Reimer (2000). 
 
3.6.1. Basic operation of the SEM  
 
Fig. 3.6.1. shows the basic construction of the SEM. A SEM comprises a control 
console, a vacuum system, an electron gun and an electron chamber. The control 
console, which is usually computer interfaced, allows the user to control the operation 
of the SEM. The vacuum system is required since molecules and dust in the air 
around us will influence the electron beam which the SEM uses to form the image of 
the surface of the sample. The electron chamber is comprised of an electron gun, 
electromagnetic lenses and scanning coils. The electron gun produces a stream of 
accelerated electrons which is focused by the electromagnetic lenses and scanned 
across the surface of the sample under investigation by the scanning coils. The sample 
under investigation is required to be electrically conductive. Non-conductive samples 
are thus gold coated or sputtered, and mounted on the sample stage by either silver 
paste or carbon tape. 
 
3.6.2. Modes of SEM operation  
 
There are two possible modes of SEM operation; secondary electron (SE) mode and 
back scatter electron (BSE) mode. 
 
3.6.2.1. Secondary Electron (SE) mode  
 
SE mode is most commonly used when operating the SEM. Secondary electrons are 
those which are ejected from the sample surface by inelastic scattering during 
interactions with the incoming electron beam. These electrons are ejected from the K 
shell of the atoms comprising the material surface under investigation, are of low 
energy, and are ejected from within a few nanometres of the sample surface. SE mode 
therefore provides topographical information of a sample surface. 
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Figure 3.6.1. A schematic of the basic operation of a SEM 
(http://www.microtechsciences.com/images/sem-diagram.gif) 
 
3.6.2.2. Back Scatter Electron (BSE) mode 
 
Back scattered electrons are those which are elastically scattered from the sample 
surface due to interactions with the incoming beam. These electrons are scattered in 
the opposite direction to the incident beam and are of high energy. Heavier elements  
(high atomic number) back scatter electrons more readily than lighter elements (low 
atomic number), yielding contrast in the resulting image. BSE mode therefore yields 
compositional information. 
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Chapter 4 – MATERIALS AND METHODS 
 
This chapter is divided into sections relating to the various techniques used to analyse 
the fuel sphere and reflector materials. In each section the relevant sample 
preparations and experimental procedures applied to a particular technique are 
discussed.  
 
4.1. Sectioning of the Fuel Sphere 
 
The techniques of SEM, TEM and XRD used to analyze the graphite fuel sphere all 
require small samples. It was thus necessary to cut the fuel sphere into smaller 
sections before sample preparation could commence. The vertical saw used for cutting 
the fuel spheres was a Well® 3241 Precision Diamond Wire Saw. The sample holder 
on the saw was too small to accommodate a sphere; therefore spheres were clamped 
in a claw clamp which in turn was clamped to a retort stand. A sphere was first cut in 
half, yielding two hemispheres. One hemisphere was selected for further cutting, 
whilst the other was stored for later use. The first hemisphere was then mounted in the 
same manner as the original sphere and a 5 mm thick wafer cut from it. This wafer 
was in turn mounted onto the sample holder of the saw using SBT® “Quick Stick” 
wax and cut into three 1 cm wide strips near its centre (Fig. 4.1.1.), yielding three 
strips of dimensions 5 mm x 10 mm x ± 60 mm from the central section of the 
graphite fuel sphere. The strips were then placed in boiling acetone for 3 minutes in 
order to dissolve the wax. 
 
Each strip was subsequently cut into 3 mm wide strips, which were then halved, 
yielding numerous samples of dimensions 3 mm x 5 mm x 5 mm from each strip. The 
samples from the central region of the sphere were selected, placed in boiling acetone 
for 3 minutes and placed in a sample holder when dry. These samples were used in 
the analysis of the bulk of the fuel sphere (“bulk samples”). Similar methodology was 
applied to those samples which were obtained from very near the surface of the 
sphere. These samples were used in the analysis of the surface region of the fuel 
sphere (“surface samples”). 
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Figure 4.1.1. Sectioning of the central graphite wafer into 1 cm wide strips. 
 
4.2. XRD Analysis 
 
4.2.1. Comparison of sample surface morphologies 
 
Two of the bulk samples were selected for this initial XRD analysis. The intention for 
the initial XRD analysis was to compare the XRD pattern of a sample which was 
gently and briefly grinded on p800 sandpaper with one which was properly polished 
to a smooth finish. The sample which was grinded on the sandpaper was mounted on 
the sample stub, which was placed in its respective ring. The sample was gently 
grinded by hand on p800 grit sandpaper which had been moistened with water until 
the sanded surface was flat. Special care was taken not to apply too much pressure on 
the stub in order to prevent pieces of the sample from breaking off and to avoid 
sanding the sample away. Graphite is a soft and brittle material and can thus be 
grinded away very quickly on grinding pads, and especially on very smooth 
sandpaper.  
 
Each sample was mounted on a polishing stub by placing the stub on a heating plate 
and mounting the sample with SBT® “Quick Stick” wax. Pressure was applied on the 
sample to ensure its orthogonality with the stub. Finally the stub was quenched and 
inserted into its accompanying ring. Both samples were grinded in the above 
described manner. Both samples were then removed from their respective stubs, 
placed in boiling acetone for three minutes and remounted as described previously 
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Figure 4.2.1. A schematic diagram of a sample stub and its accompanying ring. 
 
with the flattened side face down on the stub. Both samples were then grinded on the 
exposed face using sandpaper. One of the samples was subsequently removed from its 
stub, placed in boiling acetone for 3 minutes and placed in a sample holder when dry 
for XRD analysis as is. 
 
The other sample was placed in a Buehler® BETA grinder-polisher for polishing. The 
sample was then polished by placing a moist 30 µm grinding pad on the rotational 
polisher base. The sample stub and ring placed on the pad and the rotating polisher 
head was then lowered over the sample ring with the loading spring in the polisher 
head adjusted until a force of ± 5 N on the sample was indicated. The rotational speed 
of the polisher base was adjusted to ± 50 rpm (the rotational speed of the polisher 
head could not be adjusted as it is fixed at ± 60 rpm). Water was used as lubrication. 
The sample was checked often to prevent it from being grinded away. The sample 
was grinded until no severe scratches were evident on the sample surface, when 
examined using a light microscope. Successive lapping steps were repeated with a 9 
µm lapping pad, followed by a 6 µm lapping pad in conjunction with Akasel® 
DiaDoublo Mono 6 µm, a “self lubricating monocrystalline diamond suspension”. 
Successive polishing steps were repeated using a 3 µm polishing pad in conjunction 
with Buehler® 3F Metadi Supreme Poly suspension, followed by a final polish with a 
1 µm polishing pad which was used in conjunction with Akasel® DiaDoublo Mono 1 
µm. The sample was considered polished once there were no surface scratches evident 
by light microscope. The sample was then removed from the stub and placed in  
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boiling acetone for 3 minutes. The above described procedure yielded two samples 
with approximate dimensions of 5 mm x 5 mm x 5 mm; one grinded sample and one 
sample polished to a 1 µm finish. 
  
4.2.2. Influence of polishing time 
 
For the second part of the XRD experiments the influence of polishing time on the 
(002) peak of the x-ray pattern of graphite was investigated. Five bulk samples of 
dimensions 10 mm x 10 mm x 5 mm were cut from the fuel sphere wafer. These five 
samples were of larger dimensions than the previous samples in order to maximise the 
surface area that the x-rays may be incident upon. The samples were numbered 0 
through 4 and prepared in the following manner: 
 
Sample 0 - One 10 mm x 10 mm surface of the sample was grinded in a 
similar manner to that which was described in section 4.2.1. 
above. 
 
Sample 1 - Both 10 mm x 10 mm surfaces of the sample were grinded as 
described previously. The exposed 10 mm x 10 mm surface of 
the sample was then lapped for half an hour using a 9 µm lapping 
pad. 
 
Sample 2 - The procedure followed for sample 2 was similar to that followed 
for sample 1, with an added half an hour of lapping using a 6 µm 
lapping pad. 
 
Sample 3 - The procedure followed for sample 3 was similar to that followed 
for sample 2 with an added half an hour of polishing using a 3 
µm polishing pad. 
  
Sample 4 - The procedure followed for sample 4 was similar to that followed 
for sample 3 with an added half an hour of polishing using a 1 
µm polishing pad. 
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The above described preparation procedure yielded five samples of progressive 
polishing times and degrees of polishing finish. 
 
In this study a Bruker® D8 Advance XRD machine was used for the XRD analysis of 
the relevant samples. The Bruker® D8 consists of two independent arms (one housing 
the x-ray beam emitter and the other housing the x-ray receiver) and a sliding sample 
tray allowing for many samples to be loaded at a time. It is controlled by software and 
is computer interfaced in order to allow a user friendly environment for the 
specification of parameters for the analysis of a particular sample. Multiple scans can 
be stacked, allowing the machine to interchange the samples on the sample tray for 
each desired scan. 
 
4.3. Etching 
 
Approximately ten of the bulk samples obtained in the initial sectioning of the fuel 
sphere were selected and cut to yield sample dimensions of 3 mm x 2.5 mm x 3 mm. 
This was done in order to facilitate the mounting of a sample on a standard 3 mm 
diameter copper grid if necessary. 
 
4.3.1. Murakami etch 
 
4.3.1.1. Sample preparation 
 
For the initial Murakami etching technique one of the above-mentioned samples was 
selected. One of the 3 mm x 2.5 mm sample faces was gently grinded until the sample 
was approximately 2 mm thick using the method described previously in this chapter. 
The sample was then remounted on the sample stub with the flattened side face down, 
and the exposed face polished using the same methodology as that used in 4.2.1. In 
addition, a 0.25 µm polishing pad was used in conjunction with Akasel® DiaDoublo 
Mono 0.25 µm diamond suspensions, after which a 0.05 µm polishing pad was used in 
conjunction with Akasel® DiaDoublo Mono 0.05 µm diamond suspensions. The 
sample was subsequently removed from the stub and placed in boiling acetone for 3 
minutes in order to dissolve the wax. 
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It was necessary to clean the sample thoroughly since it was to be placed in a 
scanning electron microscope for analysis before etching in order to provide a 
comparison. The cleaning technique used became the standard cleaning procedure for 
all samples which were analyzed by SEM in this study. The procedure was to place 
the sample in boiling acetone for 3 minutes in order to remove residual wax which 
may have remained after grinding and polishing. The sample was then rinsed in three 
separate baths containing 30 ml of acetone for a period of approximately 30 seconds 
in each. Hereafter, the sample was placed in an evaporating dish containing 
approximately 30 ml of acetone, which was placed in an ultrasonic bath for 10 
seconds. This step was repeated once. This step was followed by placing the sample 
in an evaporating dish containing approximately 30 ml of de-ionised water, which 
was in turn placed in an ultrasonic bath for 10 seconds. This step was repeated twice. 
Finally, the sample was placed in an evaporating dish containing approximately 30 ml 
of methanol and immersed in an ultrasonic bath for 10 seconds. This step was 
repeated once and was done in order to repel water from the sample surfaces. The 
sample was removed from the evaporating dish and placed in a sample holder once 
the methanol had evaporated from the sample. 
 
4.3.1.2. Murakami etching 
 
A standard Murakami etch comprises 100ml water, 10g KOH or NaOH and 10g 
K2Fe(CN)6. This description of the Murakami etch can be found in the BUEHLER® 
SUM-MET™ guide to materials preparation and analysis, on page 77, table 43, entry 
#65. The guide notes that Murakami’s reagent is ordinarily used at 20°C and is useful 
for etching sintered carbides. In this investigation KOH was used, and the subsequent 
experimental procedure followed for all Murakami etching experiments: 
 
After mixing the Murakami reagent, a metallic pellet encased in plastic was placed in 
a beaker, which in turn was placed on a heating plate which included a magnetic 
stirrer. The solution was then heated until boiling point. The sample to be etched was 
then submerged in the Murakami reagent for the desired time interval. Once the 
desired time interval had elapsed the sample was removed from the reagent and rinsed 
thoroughly in de-mineralised water. The sample was then cleaned using a similar 
cleaning procedure described in section 4.3.1.1. 
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Figure 4.3.1. A SEM micrograph of a sample polished to a 0.05 µm finish before 
cleaning. Dust particles are visible on the sample surface, appearing as white-washed 
flecks due to charging by the electron beam. 
 
 
 
Figure 4.3.2. A SEM micrograph of a sample polished to a 0.05 µm finish after 
cleaning using the procedure described in section 4.3.1.1. 
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4.3.2. Chromatic acid Etch 
 
4.3.2.1.a. Sample preparation for initial etch 
 
Upon observing the results of the Murakami etching experiment, it was decided to 
repeat the etching experiment using chromatic acid instead of Murakami’s reagent. A 
sample was selected from the bulk samples and cleaned as described before. The 
chromatic acid solution was prepared in the following manner: 1.25 g of potassium 
dichromate (K2Cr207) powder was added to 25 ml of de-mineralised water and the 
solution stirred until the powder had completely dissolved. This yielded a 5% aqueous 
solution of potassium dichromate. 25 ml of sulphuric acid was then added to the 
aqueous solution. 
 
4.3.2.1.b. Sample Preparation for second etch 
 
It was decided to repeat the experiment using a refined etching procedure. A sample 
from the graphite fuel sphere was prepared similarly to that for the initial acid etching 
experiment. Also, a sample which was selected from an off-cut of the reflector 
material was prepared in a similar manner to the sample from the fuel sphere, except 
that the sample was only polished to a 3 µm finish. The reflector material is very 
brittle and polishing of the sample surface using a polishing pad finer than 3 µm 
resulted in excessive pitting and cracking on the sample surface.  
 
4.3.2.2. Experimental Procedure 
 
Murakami etching required a submergence time of one hour. It was decided that 
minimizing the submerging time of the sample in the reagent during etching would be 
a worthwhile exercise. Thus a chromatic acid solution was considered as a substitute. 
The sample which had been prepared for the initial chromatic acid etching experiment 
was partially submerged in the solution for 30 seconds, after which it was rinsed 
thoroughly in a dilute sulphuric acid solution. A significant observation was made by 
SEM; appreciable etching of the sample surface had been achieved after only 30 
seconds of submerging the sample in the acid solution. A suitable etching procedure 
for the chemical etching of the fuel sphere graphite had thus been realised. 
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4.4. Fracture Experiments  
 
The fracturing experiments were carried out in three parts; a) fracture of a fuel sphere 
sample, b) fracture as well as etching of a fuel sphere sample and c) fracture as well as 
etching of a reflector sample. The fracturing experiments carried out on the fuel 
sphere and reflector samples were all performed in a similar manner. A rather crude 
fracturing technique was applied to all the fractured samples and is described as 
follows (see Fig. 4.4.1.): 
 
A container was filled with liquid nitrogen and the respective sample placed in the 
container (an empty tuna fish tin was found suitable, due to the corrugated bottom of 
the tin). A flat-headed screwdriver, with a reasonably sharp tip, was then placed on 
the top surface of the sample, with the screwdriver head placed at approximately half 
the sample length and completely across the sample width. The sample, container, 
screwdriver tip and liquid nitrogen were then allowed to reach approximate thermal 
equilibrium. Approximate thermal equilibrium was judged to have been attained once 
the liquid nitrogen was no longer boiling. It was ensured that the extremes of the 
sample length were resting on the ridges of the corrugations on the base of the 
container. The screwdriver was held in place with one hand and a shock force applied 
to the handle of the screwdriver with the other. This action was repeated until the 
sample was fractured. 
 
This process yielded a sample fractured in two distinct halves with clearly defined 
fracture faces. It must be noted that Salazar et al. (Carbon, 2002) determined that the 
flexure strength and fracture toughness of graphite do not differ appreciably for 
cryogenic temperatures. For every subsequent fracture experiment the same technique 
was used for the sake of consistency, since the observation by Salazar et al. that 
graphite samples within the liquid nitrogen would not influence the fracture results 
appreciably. Subsequent to fracture, one of the fractured faces was etched for 
comparison with its un-etched partner. 
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Figure 4.4.1. A cross-sectional schematic diagram of a fracturing experiment 
 
4.5. SEM analysis 
 
A Phillips XL 30 was used for analyses. The experimental procedure used for SEM 
analyses will not be discussed in great detail, but can be summarized as follows: A 
sample was first mounted on a sample stub using carbon tape, which in turn was 
placed on the sample stage within the SEM chamber. The sample stage height was 
then adjusted to a working distance of 10mm. An accelerating voltage of either 5 kV, 
10 kV or 20 kV was selected, depending on which provided the best contrast. 
 
4.6. TEM analysis 
 
Three types of samples were prepared for TEM investigation: a cross-sectional bulk 
sample, a planar bulk sample and a planar surface sample. A 200kV Phillips CM20 
transmission electron microscope was used for analyses of the materials. Simulations 
of electron diffraction patterns were performed using the JEMS software package by 
Stadelmann. 
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4.6.1. Cross-sectional bulk samples 
 
Two samples were selected from the bulk samples cut from the fuel sphere. The two 
samples were glued together in such a way that their 3 mm x 2.5 mm faces were in 
contact with each other (Fig.4.6.1.). Gatan® glue, made by mixing Gatan® resin and 
hardener in the ratio 5 parts resin to 1 part hardener was used. Once the samples had 
been glued together, the resultant sample was placed in an oven which was set to 130 
°C for 15 minutes. This was done in order to allow the glue to set quickly, as allowing 
the glue to set properly in ambient temperatures requires a few hours. Once the glue 
had set, the sample was mounted on a sample stub using wax as described previously. 
The stub was placed in its accompanying ring and the exposed face of the sample 
grinded and thinned using moistened p800 sandpaper. Once the sample was 
approximately 100 µm thick it was ready for polishing. The polishing of the exposed 
face of the cross-sectional sample was done by employing successively 30 µm, 9 µm, 
6 µm, 3 µm and 1 µm pads on the Buehler® polishing machine. Once the exposed 
face of the sample had been polished it was removed from the sample stub. The 
sample was then glued onto a 3 mm diameter, 1 µm thick copper grid, with the 
polished face in contact with the grid. The exposed face of the sample was then 
polished until it was approximately 40 µm thick. The sample was then removed from 
the stub by melting the wax and then placed in boiling acetone for 3 minutes. The 
sample was subsequently rinsed in three separate 30 ml acetone baths for 30 seconds 
in each. 
 
The next phase in preparing the specimen for TEM observation, was to ion mill the 
sample. This process involves the gradual stripping of atomic layers by Ar+ ions, 
ideally resulting in a sample which has regions near its centre which are thin enough 
to allow electrons to be transmitted through the material. A Gatan® PIPS (Precision 
Ion Polishing System) was used to mill the samples (Figs 4.6.2, 4.6.3 and 4.6.4). 
 
4.6.2. Planar bulk samples 
 
The preparation of a planar bulk sample for TEM observation was similar to that of 
the cross-sectional sample except that the sample did not comprise two sections glued 
together. Rather, a 3 mm x 2.5 mm x 3 mm sample was selected from the bulk 
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Figure 4.6.1. A schematic diagram of the gluing two 3 mm x 2.5 mm x 3 mm samples 
together such that their 3 mm x 2.5 mm faces are in contact 
 
 
 
 
Figure 4.6.2. A schematic diagram of the ion beams incident upon the sample in the 
PIPS 
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Figure 4.6.3. A schematic diagram of an ion polished cross-sectional TEM sample 
 
 
 
 
 
 
Figure 4.6.4. A schematic diagram of an ion polished planar TEM sample 
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samples cut from the fuel sphere. The sample was mounted face down on a sample 
stub with wax. The exposed surface of the sample was then grinded with moistened 
p800 sandpaper until flat. The sample stub and accompanying ring were then placed 
in the grinder-polisher and the exposed surface of the sample polished in a similar 
manner to that described for initial polishing of the cross-sectional sample. Further 
cleaning and polishing was similar to that described in section 4.6.1. Finally the 
sample was thinned by ion polishing as described for the cross-sectional sample. 
 
4.6.3. Planar surface sample 
 
The preparation of a planar surface sample was similar to that of the planar bulk 
sample with the only exception being that a sample was selected from the surface 
samples cut from the fuel sphere.  
 
4.7. Nano-indentation 
 
4.7.1. Sample preparation 
 
The indentation behaviour of samples acquired from the graphite fuel sphere and 
reflector were determined using a nano-indenter. An as yet un-cut sample was 
selected from the fuel sphere bulk samples and another selected from the reflector 
samples. A section of approximate dimensions 10 mm x 7mm x 7mm was then cut 
from each and selected for further sample preparation.  
 
Both sections were mounted on the same sample stub in a similar manner as that 
described for the sample preparation for the XRD experiments in section 4.2.1. The 
exposed faces of the samples were then grinded with p800 grit sandpaper where after 
they were each removed from the stub and remounted with their previously grinded 
surfaces face down. The newly exposed faces of the samples were then grinded. The 
exposed sample surfaces were then polished using the 9 µm lapping pad until severe 
scratches were no longer evident by light microscope. Once the severe surface 
scratches had been removed the 9 µm lapping pad was replaced by a 3 µm polishing 
pad and a 3 µm poly suspension applied to the pad surface. The samples were then 
polished until the sample surfaces exhibited almost a mirror finish to the unaided eye. 
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The samples prepared for nano-indentation were prepared differently to the samples 
prepared for XRD analysis due to the following:  
 
1) A reasonably smooth and flat sample surface is required for nano-
hardness measurements. The fuel sphere graphite comprises poly-
crystalline grains, which implies that a smooth and flat sample surface 
is almost impossible to achieve. Consequently the sample surface will 
always appear to be uneven on the nano or micro scales. 
 
2) The graphite of which the reflector is made is very brittle. Once a 1 µm 
(or finer) polishing pad is used to polish the sample surface severe 
pitting occurs. This is due to the shearing force applied to the sample 
surface by the rotational disk.  
 
4.7.2. Nano-indentation of fuel sphere and reflector 
 
A computer interfaced and controlled CSM Instruments® Nano-indenter with a 
Berkovitch tip was used for the indentation experiments. The fuel sphere sample and 
the reflector sample were both mounted on the same sample stub using wax. The 
samples were spaced apart from each other at the extremities of the sample stub in 
order to allow the nano-indenter tip and housing to indent one sample surface without 
resting on the surface of the other sample, which would negatively influence the 
experimental result. 
 
It was originally intended that a 5 x 5 array of indents would be executed on each 
sample surface, the average hardness being calculated from the 25 indents obtained. 
However this method was not possible due to the excessive pitting and rough surfaces 
of the samples, as a particular indent may have been made on the edge or within a pit 
or pore. Instead a suitable area for indentation had to be identified for each particular 
indent to be made. This method has the advantage that pseudo random indents could 
be made on various regions of the sample surface, yielding a better average hardness 
value. 
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An important criterion for the accurate determination of the hardness is that the 
indentation depth be at least twenty times that of the average surface roughness. This 
criterion proved to be problematic. The average roughness of the sample surfaces was 
in the region of 1 – 3 µm, whilst the indenter depth limit was 20 µm. Thus an accurate 
determination of the hardness of the materials was not achievable. However, a 
suitable comparison between the hardness of the two materials could be obtained 
since the error due to surface roughness would be similar for both. Another 
comparison that could be made was the amount by which the materials recovered 
after the load had been removed. Thus comparisons between the hardness and 
recovery of the two materials could be made, both of which are characteristics of the 
materials which lead to a better understanding of their mechanical properties and 
differences.     
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 72 
Chapter 5 – RESULTS AND DISCUSSIONS  
 
In this chapter, the results obtained for the experiments which had been conducted in 
this work are provided, including a discussion of each. The chapter is divided into 
sections corresponding to each experimental technique used. 
 
5.1. Etching Assessments 
 
5.1.1. Murakami etching of the graphite fuel sphere 
 
In the series of Murakami etching experiments it was necessary to: investigate the 
etching characteristics of the reagent, determine the required submerging interval, 
observe the effects of the reagent on different sample finishes and develop a suitable 
etching procedure. 
 
5.1.1.1. Polished 0.05 µm surfaces 
 
One of the samples used in the Murakami etching experiments had been polished to a 
finish of 0.05 µm. Fig. 5.1.1. shows the appearance of the sample surface before 
submerging in the reagent. From the figure it is clear that the sample surface is 
relatively smooth. A very smooth surface with the graphite fuel sphere samples could 
not be achieved due to the granular nature of the material. The grain boundaries are 
visible, yet difficult to distinguish clearly. 
 
During the initial Murakami etching experiment the sample was first submerged in the 
solution for 30 minutes, but assessment by SEM revealed that appreciable etching of 
the polished sample surface had not been attained. The experiment was then repeated 
using a submerging time interval of 1 hour. Once again appreciable etching had not 
been achieved. The sample was then submerged in the reagent for another hour, 
yielding a total submergence time of 2.5 hours, where after appreciable etching could 
be observed. (By “appreciable etching” it is implied that the grain boundaries are 
distinct and that the internal grain structure has been revealed).  
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Figure 5.1.1. A SEM micrograph of the 0.05 µm polished sample surface before 
submerging in Murakami’s reagent, revealing pores and pits. 
 
 
 
Figure 5.1.2. An annotated SEM micrograph of the 0.05 µm polished sample surface 
after submerging in Murakami’s reagent for a total of 2.5hrs 
1 
2 
3 
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Fig. 5.1.2. is of the sample surface, revealing that appreciable etching had taken place. 
Note the grain in the centre of the figure (circled). The grain boundary is clearly 
visible and internal structures of the grains to the left and upper left of this grain are 
also clearly visible. From Fig. 5.1.2. it is clear that the constituency of the graphite 
fuel sphere is granular in nature. The grain boundary is clearly defined. The grain 
width varies irregularly from approximately 20 to 30 microns and is approximately 40 
to 45 microns in length. Etching on the left boundary edge had taken place along the 
basal planes of the graphite grain (arrow 1), indicating a crystalline region within the 
grain. Flaking of the graphite on the grain boundaries is also evident (arrow 2). The 
internal structure of the grain to the immediate left of the encircled grain is also 
clearly evident (arrow 3). The graphite strata appear to be bent and crumpled. This 
effect is most probably due to the compression of the graphite-epoxy mixture applied 
during the manufacture of the fuel sphere. It is also evident from the figure that the 
Murakami reagent had selectively etched the regions of pores, pits and grain 
boundaries.  
 
Once the initial Murakami etching experiment had been performed it was realised that 
the K2Fe(CN)6 used in the experiment was of old stock. The experiment was then 
repeated using a fresh batch of K2Fe(CN)6 powder in order to determine whether the 
total submerging time of the sample in the etching agent could be minimised. 
Employing a fresh batch of K2Fe(CN)6 powder indicated that a submerging time of 
only 1 hour was required before appreciable etching had occurred. (Fig. 5.1.3.)  
 
Pores, which can be distinguished by their smooth edges, are the small cavities 
between grains in which there is no bonded material. The porosity is a characteristic 
which influences the structural integrity of the graphite; the pores will weaken the 
material. The pitted regions, distinguished by more irregular edges, are the result of 
material which had been sheared from surrounding regions by the polishing process. 
Graphite is generally a brittle material, a characteristic which is clearly revealed 
during polishing and ion milling.  
 
The bending, buckling and “cusping” of graphite strata are clearly revealed after 
chemical etching. The phenomenon of cusping of the graphite strata is further 
illustrated in Fig. 5.1.4. Cusping can be described as the extreme bending or folding  
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Figure 5.1.3. A SEM micrograph of the 0.05 µm polished sample surface after 
submerging in Murakami’s reagent for 1 hr during the second etching experiment. 
 
 
 
Figure 5.1.4. An example of the cusping of graphite strata within a graphite grain. 
 
 76 
of the graphite strata in such a manner as to bend the strata back on themselves, often 
resulting in the discontinuity of the strata, and is indicative of the pressure exerted on 
the fuel sphere during the manufacturing process. 
 
5.1.1.2. 3 µm surface 
 
Fig. 5.1.5. shows the surface of the 3 µm polished sample before submersion in the 
Murakami reagent, while Fig. 5.1.6. shows the sample surface after submersion in the 
reagent for 1 hour. It is clear that a surface polished to 3 µm yields a surface which is 
not as smooth as that obtained by polishing to 0.05 µm, however there are 
considerably fewer pits visible on the surface. Cracks and flaking are also observed. 
After submersion of the 3 µm sample in the reagent for 1 hour, many ridges are 
evident on the sample surface in addition to the enlargement of pits and pores as 
observed on the other sample surfaces. (Fig. 5.1.6.)  
 
Fig. 5.1.7. shows the detail of the ridges at a magnification of 1000 times. It appears 
as though the ridges are graphite platelets orientated differently to the surrounding 
material within the sample surface. The ridges have not been etched as severely as the 
rest of the sample surface which is indicative of selective etching. The inset of Fig. 
5.1.7. reveals more detail about the ridges (Fig. 5.1.8.). The ridges appear to be 
permeated by cracks and discontinuities, possibly caused by either the reaction with 
the reagent or mechanical stresses. The ridges also appear to be approximately 0.5 – 1 
µm thick, with some of the edges bent or buckled. Ridge fragments are evidence of 
the brittle nature of the graphite platelets. 
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Figure 5.1.5. A SEM micrograph of the 3 µm polished sample surface before 
submerging in Murakami’s reagent during the second etching experiment. 
 
 
 
Figure 5.1.6. A SEM micrograph of the 3 µm polished sample surface after 
submerging in Murakami’s reagent for 1 hr during the second etching experiment. 
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Figure 5.1.7. A SEM micrograph at 1000x magnification of the ridges observed in 
Fig. 5.1.6 
 
 
 
Figure 5.1.8. A SEM micrograph at 3500x magnification of the area enclosed by the 
dashed box in Fig. 5.1.7. 
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5.1.2. Chromatic acid etching of the graphite fuel sphere 
 
From the results presented in section 5.1.1., it was decided that the Murakami reagent 
was an inefficient etching agent. Although the reagent revealed the structure of the 
graphite, it required a lengthy period of time to achieve the desired results (1 hour). 
Thus an attempt to etch the fuel sphere samples with chromatic acid was made.  
 
5.1.2.1. 1 minute submersion 
 
The efficacy of the chromatic acid was unknown at the time of the initial experiment, 
thus a submerging interval of 1 minute was decided upon. A sample was partially 
submerged in the chromatic acid solution in order to enable a direct comparison 
between the etched and un-etched material. Fig. 5.1.9. shows the sample surface in the 
region of the submerging interface. The etched region of the sample surface is clearly 
distinguishable from the as-polished region. The as-polished surface is smooth with 
very few pits or pores evident, whereas the etched surface is littered with relatively 
large pits which were also found during etching with the Murakami reagent. Even at 
low magnifications the grain boundaries of the constituent graphite grains are evident 
on the etched surface. 
 
Fig. 5.1.10. shows the internal structure of a grain in the surface of the sample. The 
graphite strata of which the grain consists are clearly visible. The bending, buckling 
and “cusping” observed for the samples submerged in Murakami’s reagent are also 
revealed by the chromatic acid. Flaking is observed along the grain boundary, as well 
as delaminating of the graphite strata within the grain and especially along its 
boundary. The delaminating of the strata was not observed for the samples etched 
with Murakami’s reagent. 
 
From the above observations it is clear that sufficient etching of the surface had taken 
place after submerging the sample in a chromatic acid solution for 1 minute. Also of 
importance are the similarities in the etching behaviour of the two solutions: 
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Figure 5.1.9. A SEM micrograph of the 0.05 µm polished sample surface after 
partially submerging in a chromatic acid solution for 1minute during the initial 
chromatic acid etching experiment. 
 
 
Figure 5.1.10. A SEM micrograph of a grain within the 0.05 µm polished sample 
surface after submerging in a chromatic acid solution for 1 minute during the initial 
experiment. 
Un-etched 
region  
Etched 
region  
Etch 
interface 
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Figure 5.1.11. A SEM micrograph of a grain revealing selective etching by the 
chromatic acid along the basal planes of the crystalline graphite. 
 
1) Clear delineation of grain boundaries and internal grain structure 
 
2) Enlargement of pitted and porous regions. 
 
3) Selective etching along basal planes. 
 
4) Flaking along grain boundaries 
 
A difference between the resultant etchings of the two solutions is revealed by the 
flaking of the smooth sample surface by the chromatic acid. (Figs. 5.1.2. and 5.1.11.) 
The exposed surface of the grain in Fig. 5.1.2. is still smooth, resembling the as-
polished un-etched surface regions of the sample, while in Fig. 5.1.11. it is apparent 
that the exposed surface of the grain is not as smooth as the as-polished un-etched 
regions of the sample. The chromatic acid attacked even the smooth regions of the 
sample, an indication that the acid solution is more reactive than Murakami’s reagent. 
In addition, the submerging time required for appreciative etching of a sample to 
occur is notable: 1 hour for Murakami’s reagent versus 1 minute for the chromatic 
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acid solution. It was decided that all further etching would be carried out with the use 
of a chromatic acid solution. 
 
5.1.2.2. 30 second submersion 
 
For the further etching of the graphite fuel sphere and subsequent etching of the 
reflector samples, it was decided that a submerging time interval of 30 seconds would 
be adequate in order to achieve appreciable etching. 
 
Fig. 5.1.12. shows the sample surface at the etching interface. The three regions of the 
sample surface are clearly distinguishable; the prevalence of etch pits and surface 
roughness an indication of the degree of etching which had taken place. Region A is 
the as-polished un-etched region, region B the partially etched region (the region near 
the meniscus of the etching solution) and region C the etched region (fully 
submerged). 
 
In Fig. 5.1.13. the etched surface region is highlighted. A large grain near the centre 
of the figure is prevalent, whilst its boundary is clearly distinguishable. The internal 
structures of the surrounding grains are also exposed. 
 
The area demarcated in Fig. 5.1.13. is shown in Fig. 5.1.14. at a higher magnification. 
The graphite strata are clearly defined and delamination of the strata is also evident. 
This figure contains a clear example of the “cusping” observed in the graphite strata. 
 
In Fig. 5.1.15. a grain is lodged within a larger grain. This result further supports the 
notion that the graphite fuel sphere is comprised of polycrystalline grains, with small 
grains possibly conglomerated to form larger grains. 
 
 83 
 
Figure 5.1.12. A SEM micrograph of the etching interface on the surface of the 0.05 
µm polished sample which had been submerged in a chromatic acid solution for 30 
seconds.  
 
 
 
Figure 5.1.13. A SEM micrograph of the etched sample surface revealing grains, their 
boundaries as well as their internal structure. 
A 
B 
C 
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Figure 5.1.14. A SEM micrograph of the etched sample surface revealing the internal 
structure of a grain; an example of the bending, buckling and “cusping” of the 
graphite strata. 
 
 
Figure 5.1.15. A SEM micrograph of the etched sample surface revealing a grain 
within a grain. 
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5.1.3. Etching of the reflector 
 
As mentioned in the previous chapter the reflector sample had only been polished to a 
3 µm finish. In Fig. 5.1.16. several pits that been created during the polishing process 
can be observed. Notice that the edges of the pits are rather well defined. It is clear 
from these figures that the sample surface was smoother and relatively flatter than the 
surfaces of the graphite fuel sphere samples (Fig. 5.1.5.), and that pitting of the 
surface is more severe. These results give an indication of the nature of the reflector 
material as well as the differences in the graphite fuel sphere and reflector materials. 
The more severe pitting of the reflector material indicates that it is more brittle than 
the graphite fuel sphere material. 
 
Figs. 5.1.17. and 5.1.18. show the reflector sample surface after the sample had been 
submerged in the chromatic acid solution for 30 seconds. These figures illustrate the 
differences in etching behaviour between the reflector and graphite fuel sphere 
materials quite clearly (compare these figures with Figs. 5.1.12. and 5.1.13.). Fig. 
5.1.17. shows a pitted region on the sample surface after submersion. In comparison 
to Fig. 5.1.16. (before submersion) pits are also somewhat larger and the pit edges less 
defined. Also, the edges of the material structures within the pits are smoother (more 
rounded) than they were before submersion. 
 
In Fig. 5.1.18. the sample surface after submersion in a region containing relatively 
few pits is shown (compare Fig. 5.1.16.). After submersion in the chromatic acid 
solution previously absent pits and pores are revealed. It is possible that polishing of 
the reflector surface results in smearing of the material, covering pits and pores. The 
reagent may attack the smeared carbon vigorously, revealing previously obscured 
features. 
 
In comparison with the results obtained from the etching of the graphite fuel sphere, 
the following can be noted for the etching of the reflector: 
 
1) Selective etching of pitted, porous and cracked regions is similar. 
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Figure 5.1.16. A SEM micrograph of the as-polished reflector sample revealing 
several of the pits which had formed during the polishing process. 
 
 
Figure 5.1.17. A SEM micrograph of a pitted region on the surface of the reflector 
sample after submerging in a chromatic acid solution for 30 s. 
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Figure 5.1.18. A SEM micrograph of a less pitted region on the surface of the 
reflector sample after submerging in a chromatic acid solution for 30 s. 
 
2) There is no evidence of grain structures and boundaries, whereas  such was 
observed for the fuel sphere 
 
3) No observations of exposed basal planes were made, yet there were many 
exposed basal observed in the fuel sphere        
 
4) The reflector sample surface remains much smoother after etching than the 
sample surface of the fuel sphere. (compare Figs. 5.1.13. and 5.1.18.) 
 
These results indicate that the reflector sample is a) not very crystalline and b) not 
granular in nature. This statement is further supported by XRD and TEM analysis. 
 
The observation that the acid solution etches the crystalline graphite (fuel sphere) to a 
greater degree than the lesser crystalline graphite (reflector) supports a similar 
observation by Neproshin et al. (1970). The selective etching of pitted regions above 
the etching along basal planes corresponds with the observations by Heszler et al. 
(2000), who found that the adhesive force on a scanning force microscope probe tip is 
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greater on etch pit edges than along the basal planes of highly oriented pyrolytic 
graphite (HOPG). Also, Incze et al. (2003) found computationally that in the 
oxidation of graphite by atomic oxygen, the zig-zag edges are the most reactive, 
followed by the armchair edges and then the basal edges. 
 
5.2. Fracturing Experiments 
 
5.2.1. Fracture of graphite fuel sphere 
 
The initial fracturing experiment was carried out in the manner described in section 
4.4. of this work without etching of any of the fracture faces. Two samples with 
fracture faces resulted from the experiment, and were labelled piece 1 and piece 2.   
 
Fig. 5.2.1. shows the fracture face of piece 1 while Fig. 5.2.2. shows a section of the 
fractured face of this piece at a magnification of 1000x. Fig. 5.2.2. clearly shows that 
cleavage had occurred along definite crystallographic directions in some parts of the 
sample, namely the basal planes of the graphite structure. This is evident by the 
smooth surface regions, some of which are pointed out by the arrows marked “A” in 
the figure. Bending or crumpling of graphite strata in some regions of the fracture 
face is also evident; the most prevalent of which is pointed out by the arrow marked 
“B” in the figure. These observations are similar to those which had been made after 
polishing and etching of the fuel sphere samples. 
 
Fig. 5.2.3. contains a notable feature: the object appears to be a crystalline region in 
the sample as is evidenced by the smooth surfaces (basal planes). The termination of 
the graphite strata in a staggered layer arrangement in the region of the arrow is 
further evidence of cleavage along basal planes. Also evident are the many arbitrary 
directions of these smooth surfaces, an indication that the material is most likely poly-
crystalline. Flaking of the graphite layers is also observed.  
 
 
 
 
  
 89 
 
Figure 5.2.1. A SEM micrograph of the fracture face of piece 1 yielded from the 
fracturing experiment. 
 
 
Figure 5.2.2. A SEM micrograph of a section of the fracture face of piece 1 at 1000x 
magnification. 
A 
B 
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Figure 5.2.3. A SEM micrograph of the region on the fracture face of piece 1 which is 
demarcated by the box in Fig. 5.2.1., including an inset of the highlighted region. 
 
 
Figure 5.2.4. A SEM micrograph of the fracture face of piece 2 yielded from the 
fracturing experiment. 
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Figure 5.2.5. A SEM micrograph of a section of the fracture face of piece 2 at 1000x 
magnification. 
 
 
Figure 5.2.6. A SEM micrograph of a crystalline region on the fracture face of piece 2 
at 1000x magnification. 
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The fracture face of piece 2 is depicted in Fig. 5.2.4., while Fig. 5.2.5. is the same 
fracture face at a magnification of 1000x. More examples of cleavage along the basal 
planes, possibly also in the region of the grain boundary, as well a clear example of 
the folding of the graphite strata within the grain, can be seen in this magnified 
section. Another illustration of the cleavage along basal planes by SEM is shown in 
Fig. 5.2.6. 
 
5.2.2. Fracture and etch of graphite fuel sphere 
 
After a graphite fuel sphere sample was fractured (section 4.4), one of the fractured 
faces was submerged in a chromatic acid solution for 30 seconds. This was done in 
order to determine the effects of etching a fractured surface and also to determine 
whether features which are not immediately observable after the fracture could be 
exposed. For the sake of comparison, the fractured piece which was not etched is 
referred to as piece 1, and the etched fractured piece is referred to as piece 2. 
 
When comparing Figs. 5.2.7. and 5.2.8., it is difficult to draw comparisons between 
the fracture faces at a low magnification, although it is clear that etching had resulted 
in a roughening of the flat surface which had not been in the fracture region (the 
extreme left surface of each sample). 
 
When comparing Figs. 5.2.9a. and b., it is clear that selective etching had taken place. 
This is evident from smooth basal plane regions which are still evident on the etched 
fracture face.  
 
5.2.3. Fracture and etch of reflector 
 
Fig. 5.2.10. depicts the as-fractured face which was obtained after fracturing the 
reflector sample. The shearing marks caused by the motion of the screw-driver head 
across the face are clearly visible on the left hand side. It is also clear that the fracture 
face is a lot smoother than what was observed for the graphite fuel sphere sample, and 
that a relatively large chunk of the sample was removed at the top right corner of the 
sample. Cracking and pitting on the fracture face are also observed. 
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Figure 5.2.7. A SEM micrograph of the as-fractured face of piece 1 yielded from the 
fuel sphere sample. 
 
 
Figure 5.2.8. A SEM micrograph of the fractured and etched face of piece 2 yielded 
from the fuel sphere sample. 
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Figure 5.2.9. A SEM micrograph of a) the fractured and b) the fractured and etched 
face. 
 
 
  
A 
B 
 95 
 
Figure 5.2.10. A SEM micrograph of the as-fractured face of piece 1 yielded from the 
reflector sample. 
 
 
Figure 5.2.11. A SEM micrograph of the fractured and etched face of piece 2 yielded 
from the reflector sample. 
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The fracture face of the reflector sample after submersion in a chromatic acid solution 
for 30 seconds is shown in Fig. 5.2.11. In comparison with Fig. 5.2.10., the surface of 
this sample is very uneven, resembling the appearance of weathering effects on 
sandstone. Etch pits are also observed. There is also scant evidence of selective 
etching on the fracture face, and no evidence of large scale basal planes as observed 
on the etched fracture face of the fuel sphere sample.  
 
The as-fractured face of the sample at a magnification of 1000x reveals that the 
material is not very crystalline, due to the fact that there are no crystal faces (basal 
planes) or grains observed (Fig. 5.2.12.) The reflector material thus resembles the 
appearance of a disordered conglomeration after fracturing. The selective etching 
along micro-crack boundaries is however observed (Fig. 5.2.13.) 
 
Interesting features are found on the fracture face of the reflector sample after 
submersion in a chromatic acid solution for 30 seconds. Bent and buckled strata are 
evident, as well as small scale flaking, similar to certain observations made for the 
fuel sphere samples (Fig. 5.2.13.). It would hence appear as if the small scale ordering 
in the reflector is only revealed by fracturing and etching, while the buckling of strata 
due to compression is pertinent to both the reflector and the fuel sphere materials. The 
results obtained by the fracturing and etching of the fuel sphere and reflector samples 
have revealed the differences in their microstructure, which include: 
 
1) The fuel sphere is comprised of polycrystalline grains, whereas the 
reflector material appears to consist of a disordered conglomeration of 
carbon. 
 
2) The fuel sphere is highly crystalline, as evidenced by cleavage and lack of 
etching along basal planes, whereas the reflector is not very crystalline. 
 
3) Large scale ordering in the µm range is clearly evident in the fuel sphere 
(crystal faces), whereas only a limited small scale ordering is observed in 
the reflector (bent carbon layers). 
 
4) The reflector material is more porous than the fuel sphere material. 
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Figure 5.2.12. A SEM micrograph of the as-fractured face of the reflector sample at a 
higher magnification than Fig. 5.2.11. 
 
 
Figure 5.2.13. A SEM micrograph of the fractured and etched face of the reflector 
sample revealing micro-cracks. 
 
 98 
 
Figure 5.2.14. A SEM micrograph of the fractured and etched face of the reflector 
sample revealing bent and buckled strata. 
 
5) Both materials exhibit evidence of pitting as a result of the shearing force 
of the screwdriver head. 
 
6) The fuel sphere material displays the development and selective etching of 
micro-cracks as observed for the reflector.   
 
5.3. Nano-indentation 
 
In order to directly compare the indentation behaviour of the two materials, all indents 
performed on both the fuel sphere and reflector sample surfaces were executed in the 
same manner; a maximum load of 350 mN was applied with a pause of 5 seconds 
before unloading, with loading and unloading rates of 700 mN/min. It must be noted 
that the maximum indentation depth should exceed 20 times the average surface 
roughness of the sample in order to achieve a satisfactory result for the hardness of a 
material. As discussed in chapter 4 of this work, this criterion was not met and 
therefore the results obtained for the hardness of the materials cannot be accepted as  
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Figure 5.3.1.: Typical indentation curves of load (y-axis) and penetration depth (x-
axis) for the fuel sphere sample (above) and the reflector sample (below). 
Observations include: the differences in the maximum penetration depths (x-axis 
value at maximum load) and remnant depths (x intercept) typical of the two materials, 
as well as the non-linear humped region of the loading curve of the fuel sphere 
sample (indicated by the dashed ellipse).   
Fuel Sphere 
Reflector 
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truly representative. However, the results obtained by nano-indentation would prove 
sufficient for a comparison between the mechanical behaviour of the two materials. 
 
A comparison between the typical indentation curves of the fuel sphere and reflector 
samples shown in Fig. 5.3.1. The differences are notable; the typical penetration depth 
of the fuel sphere sample is greater than that of the reflector sample, the typical 
remnant depth of the fuel sphere sample is also greater than that of the reflector 
sample, and the loading curve of the fuel sphere sample exhibits a non-linear hump 
whereas for the most part the loading curve of the reflector sample is approximately 
linear.  
 
Fig. 5.3.2. graphically illustrates the results obtained for the hardness values of ten 
indents performed on the fuel sphere surface. The hardness values obtained vary 
considerably which may be due in part to the severe surface roughness of the sample. 
The average hardness calculated for the fuel sphere is 132 MPa ± 10 MPa. Fig. 5.3.3. 
illustrates the results obtained for the hardness values of ten indents performed on the 
reflector surface. The hardness values obtained also vary considerably. The average 
hardness calculated for the reflector is 336 MPa ± 60 MPa. 
 
Examination of figures 5.3.2. and 5.3.3. show that the hardness values obtained for 
both samples fall within the calculated standard error for each data set (only that of 
indentation #6 deviates from this trend). This implies that the average hardness values 
calculated for the materials are acceptable for comparison. It is therefore clear that the 
hardness of the reflector sample is much greater than that of the fuel sphere. If one 
considers that the average surface roughness of both samples was similar, it is 
reasonable to assume that the error in the obtained material hardness due to the 
surface roughness would be similar for both materials. Thus it can be concluded that 
the reflector material hardness is approximately 2.5 times that of the fuel sphere 
material hardness. 
 
Fig. 5.3.4. summarizes the recoveries of the two materials once the indenter load had 
been removed from the sample surfaces. The recovery of a material is given by the 
ratio ( )hm hp
hm
−
, where hm is the maximum indentation depth and hp the remnant  
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Figure 5.3.2. A graphical representation of the hardness values obtained for ten 
indents performed on the surface of the fuel sphere sample.  
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Figure 5.3.3. A graphical representation of the hardness values obtained for ten 
indents performed on the surface of the reflector sample. 
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Figure 5.3.4. A comparison of the recoveries (hm-hp)/hm between the materials of the 
fuel sphere and the reflector. The average recovery of the reflector material is 65% of 
the maximum penetration depth whereas the average recovery of the fuel sphere 
material is only 28%. 
 
depth of the impression. From the figure it is clear that reflector material recovered 
more than the fuel sphere material for the given maximum load of 350 mN. 
 
The average remnant depth for the indents performed on the fuel sphere surface was 
calculated to be 7755 nm ± 547 nm, whilst that for the reflector surface was calculated 
to be 2567 nm ± 1047 nm. Thus the average remnant depth for indents on the reflector 
sample surface was approximately 3 times less than that for the fuel sphere. This 
result assisted in the analysis of the indentation imprints by SEM. The indentation 
imprints on the surface of the reflector sample were shallow, thus providing 
insufficient contrast in order to be observed by SEM. The residual indentation 
imprints on the reflector surface could only be viewed by the optical microscope unit 
housed on the indenter machine. The imprints showed almost no deformation and no 
significant damage in the region of the indenter contact area, and could only be 
recognised by the typical three pointed star imprint of the indenter tip (Fig. 5.3.5.).   
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Figure 5.3.5. A light microscope micrograph of an indentation impression on the 
reflector material surface. No significant damage is evident in the region of the 
indent, only the three pointed star impression of the indenter tip is visible. 
 
Figure 5.3.6. shows a SEM micrograph of one of the indentation remnants on the fuel 
sphere surface. The sample surface is severely damaged in the region of the indenter 
tip contact area. Cracking (arrows A) is observed in both parallel and perpendicular 
directions to the indenter tip profile. The cracking observed corresponds with the non-
linear hump on the loading curve outlined in fig. 5.3.1. Once the indenter tip makes 
adequate contact with the sample surface, the graphite crystals bend under the 
indenter load, imitating a harder material. Once a loading threshold is reached, the 
crystals fracture, imitating a softer material. The fracture point is represented on the 
top limit of the non-linear hump on the loading curve. These results correlate well 
with the observations of Richter et al. (2000), who stated that graphite shows purely 
elastic behaviour and also reported on breakthroughs of the layers. Flaking is 
observed on the indenter profile edge as well as throughout the contact area of the 
indenter tip. Some of the flakes on the edge of the profile area exhibit bending and 
lifting behaviour. Flakes lifted from surrounding material at the contact area limits are  
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Figure 5.3.6. A SEM micrograph of one of the residual imprints after indentation on 
the fuel sphere material surface. The damage to the material surface is evident as 
cracking and flaking of the material in the region of the contact area with the indenter 
tip. 
 
bent and compressed into the surrounding material within the profile of the contact 
area (arrow B). Other flakes on the indenter profile limits have been fractured at the 
profile edge (arrow C). Fig. 5.3.7. illustrates these phenomena schematically. 
 
Barsoum et al. (2004) have stated that work done versus stress plots show very good 
agreement between nano-indentations and simple compression experiments on 
graphite. An explanation of the differences in nano-indentation behaviour between the 
fuel sphere material and that of the reflector follows, based on the results of Richter et 
al (2000) and Barsoum et al. (2004). 
 
The fuel sphere material comprises highly crystalline graphite, thus the (002) inter-
planar spacing within the lattice is rigidly fixed. Under indentation loads the lattice is 
compressed, causing the basal planes perpendicular to the direction of the applied  
C 
B 
A 
A 
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Figure 5.3.7. A schematic illustration of the phenomena observed relating to the 
arrows B and C in Fig. 5.3.6. 
 
load to bend under the stress (elastic behaviour), dissipating the load through the 
lattice. Once a strain threshold is reached the basal planes rupture. The material is thus 
more compressible in the region of the ruptured planes, and is compressed further 
under increased loading (plastic behaviour). The basal planes below the ruptured 
planes then take the stress of the load, bending as the previous planes had done. These 
planes then rupture, and are further compressed. The cycle continues until the 
maximum indentation depth is reached. When the indenter load is removed, the 
ruptured planes which had been under compression expand until equilibrium positions 
are reached, which explains the limited recovery of the material. Since the graphite 
atoms can no longer return to their original positions within the lattice, a permanent 
impression remains.  
 
In contrast, the reflector material is not extremely crystalline and the inter-planar 
spacing of the (002) planes is larger than for the fuel sphere graphite. The reflector 
material is thus more compressible. Under indentation loads the (002) planes of the 
reflector material are compressed and bend under the stress, dissipating stress 
throughout a larger region of the material than possible in highly crystalline graphite. 
Successive (002) planes below the planes in contact with the indenter tip continue to 
bend under increased loads. Under extreme loads a few of the (002) planes in the 
B C 
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immediate region of the indenter tip may rupture, however the material remains 
largely intact. When the indenter load is removed the (002) layers return to their 
original positions, except those that had been ruptured within the indenter contact 
region. The only damage visible on the material surface is therefore in the immediate 
contact region of the indenter tip, and the material recovery is significantly greater 
than that of highly crystalline graphite.     
 
5.4. X-ray Diffraction 
 
5.4.1. Surface Grinding and Polishing Effects 
 
The initial x-ray diffraction scans were executed on two of the fuel sphere samples; 
one which had been grinded in the same manner as described in 4.2.1., and one which 
had been polished to a finish of 1 µm. The results obtained for the two samples are 
shown respectively in Figs. 5.4.1. and 5.4.2. The positions of the theoretical peaks of 
2H graphite (in green) have been shifted by approximately +0.3 2θ degrees in order to 
prevent the obscuring of the experimental peaks. It is clear from Fig. 5.4.1. that all of 
the 2H graphite diffraction peaks predicted by diffraction theory are present, except 
those of relatively low intensity which are indistinguishable from the background 
radiation, and that of the peak positioned at 2 51θ ≈ °  (diffraction corresponding to the 
(102) planes).  
 
The observations from Fig. 5.4.1. are similar to those of Fig. 5.4.2., except that the 
relative intensities of the diffraction peaks of fig. 5.4.2. are lower than those of Fig. 
5.4.1. 
 
It is to be noted that all of the diffraction peaks for both samples had been shifted by 
approximately the same 2θ value for each case. This implies that there exists a 
uniform strain throughout the volume of each sample. The longer c-axis lattice 
parameter observed is most due to the random stacking of basal planes in turbostratic 
graphite. 
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Figure 5.4.1. The experimental XRD pattern obtained for the fuel sphere sample 
which had been briefly grinded (black) with the theoretical peaks for 2H graphite 
(green). The units of the y-axis are of an arbitrary nature whilst those of the x-axis 
are of 2θ diffraction angle units. The scale of the x-axis is from 10° to 140°. 
 
 
 
Figure 5.4.2. The experimental XRD pattern obtained for the fuel sphere sample 
which had been polished to a 1µm finish. The explanations of the theoretical peak 
positions and of axes is similar to that for fig. 5.4a  
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Figure 5.4.3. A comparison of the (002) peaks obtained from the fuel sphere XRD 
patterns of the grinded sample (black) and the 1µm polished sample (red). The y-axis 
units are arbitrary and the x-axis scale is in 2θ units from 24.9° to 27.9°. 
 
Of particular interest is the comparison of the (002) peak; its position, intensity and 
broadening associated with the two different samples. The (002) peaks of both 
samples have been superimposed on the same axes (Fig. 5.4.3.). 
Observations from the comparison include: 
 
1) The peak for the polished sample is shifted by a similar 2θ angle as that of 
the peak of the grinded sample (within experimental error). The peaks of 
both samples are shifted to a lower 2θ angle. This implies an increase in 
the (002) inter-planar spacing. (equation 3.13)  
 
2) The maximum intensity of the peak of the polished sample is less than that 
of the grinded sample. 
 
The effect of broadening is more evident for the polished sample peak than for the 
grinded sample peak, although both have been broadened considerably. The peak 
position at full width half maximum (FWHM) was determined manually for both of 
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the (002) peaks of the two samples. These peak positions were then used in the Bragg 
equation (equation 3.13) in order to determine the inter-planar spacing of the (002) 
planes for each sample, and their respective c-axis lattice constants (Lc). The 
respective peak broadening in 2θ degrees, the overall Lc percentage increases, as well 
as the peak shifts were also determined. The theoretical (002) peak position of 2θ = 
26.59° for graphite, corresponding to a c-axis lattice parameter Lc = 6.70Å was used 
for comparison. A value of 1.5406λ = Å for Cu Kα radiation was used in the analysis. 
The average crystallite size in the c-direction was determined by use of the Scherrer 
equation (equation 3.15). The average crystallite sizes observed between the polishing 
times for the different samples can be determined, since the effects of peak 
broadening due to the diffractometer are similar for all the samples analyzed. The 
results for this analysis are summarized in Table 5.4.1. 
 
Table 5.4.1. An analysis of the (002) peaks obtained from the initial XRD scans of the 
two fuel sphere samples in comparison with theory. 
S a m p l e 
Peak 
position 
2θ (°) 
Inter-planar 
spacing d (Å) 
Lattice 
constant Lc 
(Å) 
Lc increase 
(%) 
Peak 
broadenin
g (∆2θ) 
deg 
Peak 
shift (°) 
Average 
crystallite 
size (nm) 
T h e o r y 26.59  3.35 6.70 0 0 0 0 
Grinded 
26.43  ± 
0.01 
3.37 
± 0.011 
6.74 
± 0.022 
0.64 
± 0.34E-4 
0.29 
± 0.02 
-0.18 
± 0.01 
32.30 
± 0.22 
1 µ m polish 
26.33  ± 
0.01 
3.38 
± 0.011 
6.76 
± 0.022 
1.02 
± 0.48E-4 
0.58 
± 0.02 
-0.28 
± 0.01 
14.55 
± 0.10 
 
From the values of the inter-planar spacing and peak broadening shown in Table 
5.4.1., it is clear that extended grinding and polishing of a graphite fuel sphere sample 
did not  result in an appreciable change in the (002) inter-planar spacing. However, an 
increased broadening of the (002) peak was observed.  
  
A comparison of the XRD patterns of samples polished to varying finishes and for 
varying time intervals was performed. This comparison provided clarity with regards 
the peak broadening observed in the analysis in table 5.4.1.  A visual comparison of 
the (002) peaks in Fig. 5.4.4 shows that the intensity of the (002) peak diminishes  
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Figure 5.4.4. A comparison of the (002) peaks obtained from the fuel sphere XRD 
patterns of the samples which had been polished for varying time intervals and 
varying polishing finishes. The blue line denotes the theoretical position of the (002) 
peak for graphite but has been shifted by -0.1°. The y-axis is of arbitrary units and the 
x-axis scale is in 2θ units from 24.9° to 27.9°. 
 
with extended grinding time. This was also observed by Wakayama et al. (Carbon, 
1999). Table 5.4.2 lists the results obtained the analysis of the peaks in Fig. 5.4.4.  
 
Fig. 5.4.4 provides a visual comparison of the (002) peaks obtained for fuel sphere 
samples which had been polished to varying finishes and for varying time intervals. It 
would appear that the total polishing time influences the (002) peak position in such a 
way as to shift the peak to larger 2θ angles as the polishing time interval is increased. 
This trend is evident in samples 0 through 3. However, sample 4 shows the opposite,  
Sample ID Colour Polishing finish (µm) Total polishing time (hrs) 
0 Dark Green 16.0 0.0 
1 Purple 9.0 0.5 
2 Brown 6.0 1.0 
3 Orange 3.0 1.5 
4 Light Green 1.0 2.0 
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Table 5.4.2. An analysis of the XRD scans performed on fuel sphere samples which 
had been polished to varying finishes and for varying time intervals. 
S a m p l e 
Peak 
position 
2θ (°) 
Inter-
planar 
spacing d 
(Å) 
Lattice 
constant 
Lc (Å) 
Lc 
increase 
(%) 
Peak 
broadening 
(∆2θ) deg 
Peak 
shift (°) 
Average 
crystallite 
size (nm) 
Th e o r y 26.59 3.35 6.70 0 0 0 0 
0 
26.52 
± 0.01 
3.36 
± 0.011 
6.72 
± 0.022 
0.31 
± 2.00E-3 
0.21 
± 0.02 
-0.09 
± 0.01 
48.53 
± 0.33 
1 
26.55 
± 0.01 
3.35 
± 0.011 
6.71 
± 0.022 
0.20 
± 1.62E-3 
0.21 
± 0.02 
-0.06 
± 0.01 
48.53 
± 0.33 
2 
26.57 
± 0.01 
3.35 
± 0.011 
6.70 
± 0.022 
0.12 
± 1.31E-3 
0.22 
± 0.02 
-0.04 
± 0.01 
45.65 
± 0.31 
3 
26.64 
± 0.01 
3.34 
± 0.011 
6.69 
± 0.022 
-0.14 
± 0.03E-3 
0.22 
± 0.02 
0.03 
± 0.01 
45.66 
± 0.31 
4 
26.60 
± 0.01 
3.35 
± 0.011 
6.69 
± 0.022 
0.01 
± 0.09E-3 
0.21 
± 0.02 
-0.01 
± 0.01 
48.54 
± 0.33 
 
where the (002) peak position is shifted more towards smaller 2θ angles. Further 
analysis of the (002) peaks in fig. 5.4.4 was required in order to verify the above 
assertions. The results of this analysis are provided in table 5.4.2.  
 
From Table 5.4.2. it is evident that there is no appreciable difference (within 
experimental accuracy) in the interplanar spacings and peak broadening of the 
different samples analyzed. The progressive decrease in average crystallite size with 
increased polishing time, as observed by Crespo et al. (2006), was not observed in 
this analysis. Crespo et al. (2006) also found that the grinding time does not influence 
the three-dimensional arrangement of the carbon layers of highly crystalline graphite 
appreciably. It is thus assumed that the three-dimensional structure of the graphite 
material is maintained. 
 
Good sample preparation procedure dictates that initially the sample surface should be 
sufficiently flattened by grinding with progressively finer grinding pads, where after 
the induced damage and residual crystal strain in the surface region of the sample 
should be removed by progressive polishing. 
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5.4.2. Comparison of Fuel Sphere with Reflector  
 
An XRD scan was performed on the reflector sample surface in order to compare the 
XRD pattern thereof with that of the fuel sphere. Fig. 5.4.5 shows the resulting XRD 
pattern from the reflector sample compared with that of the fuel sphere sample. The 
peak indices are included in order that the peak intensities and broadening may also 
be compared. A visual comparison between the two patterns reveals that the reflector 
sample peaks are not as sharp as those of the graphite fuel sphere sample. Table 5.4.3 
tabulates results for a similar analysis of the reflector sample compared with the fuel 
sphere sample as were applied to previous XRD patterns.  
 
Table 5.4.3. A comparison of the XRD analyses of the fuel sphere and reflector 
materials. 
S a m p l e 
Peak 
position 
2θ (°) 
Inter-
planar 
spacing d 
(Å) 
Lattice 
constant 
Lc (θ) 
Lc 
increase 
(%) 
Peak 
broadening 
(∆2θ) deg 
Peak 
shift (°) 
Average 
crystallite 
size (nm) 
Theory 26.59 3.35 6.70 0 0 0 0 
S p h e r e 
26.52 
± 0.01 
3.36 
± 0.011 
6.72 
± 0.022 
0.31 
± 2.00E-3 
0.21 
± 0.02 
-0.09 
± 0.01 
48.64 
± 0.33 
Reflector 
26.30 
± 0.01 
3.39 
± 0.011 
6.77 
± 0.022 
1.13 
± 4.49E-3 
0.58 
± 0.02 
-0.20 
± 0.01 
15.73 
± 0.11 
 
From table 5.4.3 it is evident that the (002) peak position of the fuel sphere sample is 
not appreciably shifted from that of theory. The lattice constant (Lc), within 
experimental accuracy, is therefore similar to that of ideal graphite. 
 
For the reflector, the (002) peak position is shifted to a smaller 2θ angle, which in turn 
yields a larger (002) inter-planar spacing and therefore a larger lattice constant (Lc). 
The value of Lc = 6.79 ± 2.24x10-2 Ǻ for the reflector is 1.36 ± 0.005% larger than 
that of ideally crystalline graphite. The (002) peak is also broadened to a greater 
degree than that of the fuel sphere sample. 
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Figure 5.4.5. A comparison of the XRD patterns obtained for the reflector sample 
(above) and the fuel sphere sample (below). The units of the y-axis are arbitrary and 
those of the x-axis are in the diffraction angle units of 2θ degrees. The relevant peak 
indices have been annotated for comparison. 
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By comparison, the Lc value, (002) peak broadening as well as the (002) peak shift of 
the reflector sample far exceed those of all of the fuel sphere samples which have 
been analysed by XRD in this study. Whilst the fuel sphere graphite has been shown 
to be highly crystalline, the same cannot be stated for the reflector material. 
 
It is worthwhile to compare the XRD patterns of the fuel sphere and reflector 
materials in the region 2θ = 40° to 50°, as shown in Fig. 5.4.6. The green lines on the 
fuel sphere pattern indicate the positions of theoretical peaks in this region and have 
been labelled for clarity. Thus the peak at 2θ ~ 43.7° is the (101) peak for 
rhombohedral graphite (3R) and the peak at 2θ ~ 46.3° is the (012) peak of 3R 
graphite (Shi et al, 1996).   
 
Fig. 5.4.7. is adapted from Shi et al. and provides a suitable comparison for the 
percentage of rhombohedral graphite within a graphite specimen. Upon comparing 
Figs. 5.4.6. and 5.4.7., it is clear that the fuel sphere graphite most closely resembles 
that of pure 2H (hexagonal) graphite, which is exemplified by sample C-1 of Shi et al. 
(1996). It is also evident that the reflector material most closely resembles that of 2H 
graphite with a 5% 3R (rhombohedral) graphite constituency, as exemplified by 
sample B-4 of Shi et al. (1996). 
 
From these results one cannot state with absolute certainty that the reflector contains 
3R graphite, however the similarity with sample B-4 of Shi et al. is notable. 3R 
graphite is known to have a larger Lc than 2H. [3R: Lc = 10.04 Ǻ (Katzke et al, 
2006)].  
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Figure 5.4.6. A comparison of the XRD patterns of the fuel sphere and reflector 
samples in the region 2θ = 40° to 50°. The theoretical peak positions are indicated 
for 2H and 3R graphite in this region. 
 
 
 
 
 
Figure 5.4.7. A comparison of the XRD patterns obtained by Shi et al. for 2H graphite 
samples comprising differing percentages of 3R graphite. The red dashed box in the 
figure indicates the region of the XRD patterns which is of interest. Adapted from Shi 
et al, 1996.  
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5.5. Transmission Electron Microscopy 
 
In this section, the results obtained for the transmission electron microscopy (TEM) 
analysis of the reflector and fuel sphere materials are presented. The subsection on the 
TEM analysis of the fuel sphere material is further subdivided into three parts; the 
surface region, the interior region and the central region of the fuel sphere. The 
micrograph numbers and magnifications are preserved for traceability.  
 
5.5.1. Reflector material 
 
The structure of the graphite reflector material was found to consist mainly of 
turbostratic graphite matrix, in which low concentrations of small graphite crystals 
were embedded. The reflector material contained a high concentration of macropores. 
 
Fig. 5.5.1.(a) shows a typical transmission electron microscope (TEM) micrograph of 
the reflector material, with corresponding electron diffraction pattern in (b), which 
was obtained from the dark region in (a). The dark region in the middle of the 
micrograph consists of small graphite grains. The surrounding area consists of very 
small grain carbon particles which appear to be similar to turbostratic graphite, of 
which examples will be given in the following figures. In (c) a simulated diffraction 
pattern, matching the main intensity arcs in (b), is shown. The 002 arcs are produced 
when the electron beam is parallel to bent (or buckled) basal planes (or perpendicular 
to the <001> direction). The bent basal planes also produce the arcs that include the 
010 and 020 type of reflections. The outer rings in (b) appear to be elliptical and an 
explanation for this observation is given in the next paragraph.    
 
Elliptical electron diffraction patterns produced by graphite materials have been 
observed in this investigation as well as by other workers (Schiffmacher et al. 1980, 
Cowley et al., 2000). Only the minor axis of the elliptical rings can be correlated with 
the inter-planar spacings of graphite. The elliptical diffraction patterns are formed 
from a disordered stacking of parallel basal planes (graphene layers), when the 
incident electron beam is tilted away from the normal to the graphene layers (Cowley 
et.al., 2000). Carbon material with this type of stacking is called turbostratic graphite, 
which is characterized by graphene planes regularly spaced along the stacking axis 
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 (a) – 2361              (b) – 2362   
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.1. a) A B-F TEM micrograph of the graphite reflector material with 
corresponding SAD pattern in (b). The dark region in (a) consists of small graphite 
grains. (c) Simulated diffraction pattern of graphite for the electron beam along the 
[100] direction. 
 
(c-axis), but disoriented both in translation and rotation with respect to each other 
(Schiffmacher et al. 1980). A typical example of a region containing turbostratic 
graphite is shown in Fig. 5.5.2. (a) with corresponding diffraction pattern in (b). 
0.2 µm 
002 
010 
a b 
c 
g 
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    (a) – 2374           (b) – 2373   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.2. (a) TEM micrograph of graphite reflector material with diffraction 
pattern (b). The material in (a) does not contain any large graphite grains and 
consists of turbostratic graphite. (c) Simulated electron diffraction pattern of graphite 
with electron beam along [001] direction. 
                                                      
The elliptical rings in the diffraction pattern are evidence of the disordered stacking of 
the basal planes of very small graphite grains as was explained before. The minor axis 
of the spotty rings in Fig. 5.5.2. (b) can be correlated with the inter-planar spacings of 
a b 
c 
0.2 µm 
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graphite. The spots in (b) (two arrows in the first spotty ring) agree with the 011  and 
010  reflections of graphite, as can be seen by comparison with Fig. 5.5.2. (c). The 
spots in the second ring in (b) (arrow) agree with the 021  reflection of graphite, 
shown in Fig. 5.5.2. (c). 
              
Graphite particles were also observed, which contained deformed graphite sheets 
separated by delamination cracks. A typical example is shown in Fig. 5.5.3. (a) with 
corresponding selected area diffraction pattern in (b). The diffraction pattern in (b) 
was recorded with the electron beam along the [100] direction from the area in (a) 
(arrow). In (b) the 002 and 004 reflections of graphite are clearly visible. 
Delamination cracks caused by the separation of graphite sheets along the 0002 planes 
are typically found in heavily deformed graphite and their presence has been reported 
for ball-milled graphite (Huang, 1999). 
 
Fig. 5.5.4. (a) shows a B-F TEM micrograph of a region containing turbostratic 
graphite, with corresponding selected area diffraction pattern in (b). In this case the 
spotty ring pattern matches the reflections of graphite with the electron beam along 
the [001] direction, as can be seen from the simulation in (c). This region of 
turbostratic graphite is therefore oriented with the basal planes (or graphene sheets) 
perpendicular to the electron beam, however, the basal planes are randomly oriented 
in rotation with respect to each other as is evidenced by the circular spotty diffraction 
rings in (b). 
 
In Fig. 5.5.5. (a) a B-F TEM micrograph of graphite sheets from particles is shown 
with the electron beam approximately parallel to the basal planes as can be seen from 
the corresponding diffraction pattern in (b). The two spotty 002 arcs in (b) are clearly 
visible. The main characteristic of the analyzed graphite reflector material is that, 
apart from the high concentration of cavities that it contain, it consists mainly of 
turbostratic graphite embedded with a low concentration of small graphite particles. 
Large regions of amorphous-like graphite were also observed. 
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    (a) – 2376                                                           (b) – 2375  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.3. (a) B-F TEM micrograph of a graphite particle showing delamination 
cracks in graphite sheets. (b) Corresponding selected area diffraction pattern and (c) 
matching simulated electron diffraction pattern for graphite with electron beam along 
the [100] direction.   
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(a) – 2385                                                           (b) -   2384 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.4. (a) B-F TEM micrograph of turbostratic graphite with corresponding 
selected area diffraction pattern in (b). (c) Simulated diffraction pattern of graphite 
with the electron beam along the [001] direction 
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     (a) – 2387                                                                (b) - 2386 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.5. (a) B-F TEM micrograph of graphite particle with corresponding 
selected area diffraction pattern in (b). (c) Simulated diffraction pattern of graphite 
with the electron beam along the [100] direction  
 
Fig. 5.5.6. (a) shows a typical example of an amorphous-like graphite region, with (b) 
showing the same region at higher magnification. The corresponding selected area 
diffraction pattern is shown in (c). The first ring agrees with the 111 reflection of 
diamond and the 2nd, 3rd and 4th rings with the 200, 220 and 113 reflections of 
diamond respectively. Although the 200 reflection is not allowed for graphite, double 
diffraction in the TEM can produce this ring. The rings match the inter-planar  
c 
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b a 
0.2 µm g 
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   (a) – 2394                                                               (b) – 2395 
 
 
   (c) – 2397                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.6. (a) Low magnification and (b) higher magnification B-F TEM 
micrograph of amorphous-like graphite with corresponding selected area diffraction 
pattern in (c). (d) Simulated diffraction pattern of diamond with the electron beam 
along the [101] direction. The 020 type reflections are due to double diffraction.  
 
d 
0.2 µm 0.1 µm 
a b 
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spacings of diamond as well as the theoretical intensities (qualitatively) of the 
reflections for diamond. Unfortunately, the intensities of the 2nd, 3rd and 4th rings are 
too low to be visible in the printed micrograph in (c). The uniform intensities of the 
diffraction rings in (c) indicate that the diamond crystals are very small – probably of 
the order of about 1 nm (Neethling, 2008).   
 
5.5.2. Fuel sphere material 
 
5.5.2.1. Surface region of fuel sphere 
 
Fig. 5.5.7. (a) shows a B-F TEM micrograph of a graphite particle with corresponding 
selected area diffraction pattern in (b). The matching simulated diffraction pattern of 
graphite with the electron beam along the [211] direction is shown in (c). The fringes 
visible in (a) are most likely rotational Moiré fringes, produced by two overlapping 
graphite crystals which are rotated by a small angle with respect to each other. The g-
vector of the strong 120  reflection is parallel to the fringes in (a) as indicated on the 
micrograph.   
 
The Moiré fringe spacing was measured to be 9.3 nm. The angle of rotation between 
the two graphite crystals was found to be 0.76 degrees, by use of the expression for 
the rotational Moiré fringe spacing (Williams and Carter, 1996):      
 
                                     
θ21sin2
dDrm =
 
 
where d is the inter-planar spacing  [d = 0.1228 nm for the 1210  planes] and θ is the 
angle of rotation between the two overlapping crystals.. 
 
Fig. 5.5.8. (a) shows a B-F TEM micrograph of graphite fuel sphere material 
exhibiting a graphite grain, indicated by arrow A and corresponding SAD pattern in 
(b). The simulated diffraction pattern of graphite with the electron beam along the 
[001] direction, matching the SAD pattern in (b), is shown in (c).  A region exhibiting 
contrast typical of amorphous-like material is indicated by arrow B and the  
 125 
   (a) – 2325                                                              (b) – 2324 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.7. (a) B-F TEM micrograph of graphite particle with corresponding selected 
area diffraction pattern in (b). (c) Simulated diffraction pattern of graphite with the 
electron beam along the [211] direction.  
 
corresponding SAD pattern is shown in (d).  The rings in the SAD pattern in (d) 
corresponds to the first two rings of turbostratic graphite when the electron beam is 
along the [001] direction. The first ring is due to reflections of the type 100 and the 
second due to reflections of the type 110, of which the positions can be seen in the 
simulated diffraction pattern in (c). The low intensity of the rings in (d) is consistent 
c 
a b 
0.2 µm 
g  
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with the theoretical intensities of the reflections of graphite. For example, the 
theoretical intensity ratios, with respect to the 002 reflection are; 
 
 
100
002
0.056I
I
=    and    110
002
0.102I
I
=  respectively. 
 
The microstructure of the fuel sphere material (Fig. 5.5.8.) therefore consists of 
graphite grains in contact with turbostratic graphite in which a number of small 
graphite grains are imbedded. These small graphite grains are responsible for the 
weak spots in (d).    
 
In Fig. 5.5.9. (a) a region containing turbostratic graphite (arrow A) with bent graphite 
flakes (arrow B) embedded are shown. In this case the turbostratic graphite is oriented 
with the basal planes almost parallel to the electron beam as evidenced by the 002 
arcs present in the SAD pattern in (b). The simulated diffraction pattern of graphite in 
(c) shows the 002 type reflections which are responsible for the 002 arcs in (b). Some 
sections of the minor axes of the fragmented rings 2 and 3 can be matched with 
graphite reflections.  An example of graphite sheets separated by turbostratic matrix 
graphite is shown in (d). 
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    (a) – 2322                                                             (b) – 2320 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                                          
(d) – 2323 
 
 
Fig. 5.5.8. (a) B-F micrograph of the fuel sphere material exhibiting a graphite grain 
(arrow A) with corresponding SAD pattern in (b) and amorphous-like material 
(arrow B) with corresponding SAD pattern in (d).  (c) Simulated diffraction pattern of 
graphite with the electron beam along the [001] direction matching the SAD pattern 
in (b).   
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   (a)- 2327                                                            (b) – 2328 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                
                                     (d) - 1412 
 
 
Fig. 5.5.9. (a) B-F micrograph of the fuel sphere material with corresponding SAD 
pattern of a turbostratic graphite region (arrow A) in (b). Curved graphite flakes are 
indicated by arrow B. (c) Simulated diffraction pattern of graphite for the electron 
beam along the [100] direction. (d) B-F micrograph of graphite flakes separated by 
turbostratic graphite material.  
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5.5.2.2. Interior region of fuel sphere 
 
Fig. 5.5.10. (a) shows a  B-F micrograph of the fuel sphere material exhibiting a 
graphite grain, with  corresponding SAD pattern in (b) and matching simulated 
diffraction pattern with the electron beam along the [211] direction (c).  
 
Fig. 5.5.11. (a) shows a B-F micrograph of the fuel sphere material exhibiting a series 
of widely spaced irregular fringes. The corresponding elliptical SAD ring pattern in 
(b) is indicative of turbostratic graphite, the basal planes tilted away from the [001] 
beam direction. As mentioned previously, the elliptical diffraction patterns are formed 
from a disordered stacking of parallel basal planes (graphene layers), when the 
incident electron beam is tilted away from the normal to the graphene layers (Cowley 
et. al, 2000). Tilting the sample in the TEM did not result in the movement of or 
change in contrast of the irregular fringes visible in (a). This led us to conclude that 
the irregular fringes are most likely the edges of surface steps (basal planes) caused by 
the ion milling.  The explanation for the origin of the spotty ring pattern in (b) is 
similar to that already discussed for Fig. 5.5.1. 
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   (a) – 2088                                                              (b) – 2086 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.10. (a) B-F micrograph of the fuel sphere material exhibiting a graphite 
grain, with  corresponding SAD pattern in (b) and matching simulated diffraction 
pattern with the electron beam along the [211] direction (c).  
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   (a) – 2089                                                           (b) – 2090 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.11. (a) B-F micrograph of the fuel sphere material exhibiting a series of 
widely spaced irregular fringes. The corresponding elliptical SAD ring pattern in (b) 
indicates that this region consists of turbostratic graphite with the basal planes tilted 
away from the [001] beam direction. 
 
5.5.2.3. Central region of fuel sphere 
 
Fig. 5.5.12. (a) and (b) show typical regions containing a high concentration of curved 
graphite flakes separated by delamination cracks. The corresponding SAD patterns of 
(a) and (b) are shown in (c) and (d) respectively. In (c) the first ring contain 2 strong 
002 arcs and the 2nd ring is due to the 101 type reflections (see the calculated 
reflections for graphite in (e)). The first two rings in (d) are generated by 002 and 101 
type reflections. The rings in (c) and (d) are slightly elliptical, which is consistent with 
the curved nature of the graphite flakes in (a) and (b).      
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   (a) – 1544                                                           (b) – 1546 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (c) - 1543                                                            (d) - 1545  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.12. (a) and (b). Typical B-F TEM micrographs of curved graphite flakes 
separated by delamination cracks. (c) and (d) are corresponding SAD patterns of (a) 
and (b) respectively.  
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Fig. 5.5.12. (e) Calculated intensities of graphite reflections. 
 
 
A micrograph of a graphite grain exhibiting a series of parallel lines perpendicular to 
the [001] direction is shown in Fig. 5.5.13. (a), with corresponding SAD pattern in 
(b). In (c) and (d) simulated diffraction patterns of graphite with the electron beam 
along the [100] and [210] directions respectively are shown. All the spots in (b) can 
be accounted for by superimposing the diffraction patterns with the beam along the 
[100] and [210] directions. The [210] zone axis is obtained by a 30 degree rotation 
from the [100] zone axis about the [001] direction. It is therefore possible that the 
parallel bright and dark bands in (a) represent graphite sheets in the [100] and [210] 
orientation respectively (or vice versa). Further dark-field TEM is needed to confirm 
this inference.   
 
 
 
 
 
 
e 
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   (a) – 1549                                                          (b) – 1547 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.13. B-F micrograph of a graphite grain exhibiting a series of parallel lines 
perpendicular to the [001] direction, with corresponding SAD pattern in (b). (c) and 
(d) Simulated diffraction patterns of graphite with the electron beam along the [100] 
and [210] directions respectively.  
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In Fig. 5.5.14. (a) and (b) typical examples of turbostratic graphite regions are shown. 
The micrograph in (b) also contains a graphite crystal; however the turbostratic 
graphite region is indicated by the arrow. The corresponding SAD patterns of (a) and 
(b) are given in (c) and (d) respectively. Although the B-F TEM micrographs in (a) 
and (b) of the turbostratic graphite appear to be similar to that of amorphous-like 
carbon or graphite, the SAD patterns in (c) and (d) clearly indicate that these regions 
are not amorphous but have a typical turbostratic graphite nanostructure, as has been 
discussed earlier.  
 
The SAD pattern in (c) exhibits the typical elliptical electron diffraction patterns that 
are formed from a disordered stacking of parallel basal planes (graphene layers), 
when the incident electron beam is tilted away from the normal to the graphene layers 
(Cowley et.al., 2000). This type of elliptical diffraction pattern has already been 
discussed in Fig. 5.5.1. The SAD pattern shown in (d) contains spots from a graphite 
crystal embedded in the turbostratic graphite, which is responsible for the diffraction 
rings in (d). The fact that rings have almost uniform intensity indicates that the 
turbostratic graphite in this region consist of a randomly oriented nanocrystalline 
graphite.  
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   (a) – 1540                                                          (b) – 1550 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) – 1538                                                                            (d) - 1552  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5.14. (a) and (b) Typical B-F micrographs of turbostratic graphite regions. The 
micrograph in (b) also contains a graphite crystal (arrow B), the turbostratic 
graphite, the region from which the SAD pattern in (d) was obtained, is indicated by 
arrow (A). The corresponding SAD patterns obtained from regions in micrographs 
(a) and (b) are given in (c) and (d) respectively. 
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Chapter 6 - SUMMARY OF RESULTS AND CONCLUSIONS 
 
In this chapter, a summary of the results obtained in this study are provided. The 
chapter is divided into sections, each of which is related to a particular experimental 
technique used. General conclusions drawn from an overview of all of the results 
obtained and the major conclusions are also discussed.  
 
6.1. Etching Assessments 
 
The conclusions drawn from the etching assessment are further subdivided into two 
subsections pertaining to the two etching reagents used; Murakami’s reagent and 
chromatic acid. 
 
6.1.1. Murakami’s reagent 
 
The internal structure of graphitic materials was revealed after submerging in 
Murakami’s reagent heated to boiling point for 1 hr. Murakami etching of a fuel 
sphere specimen polished to a 0.05 µm finish revealed the boundaries as well as the 
internal structure of grains (filler particles). In addition to the previous point, 
Murakami etching of a fuel sphere specimen polished to a 3 µm finish revealed 
graphite platelets oriented perpendicular to the specimen surface. 
 
The internal grain structure of the fuel sphere material consisted of graphite layers 
which were bent and buckled. Severe bending of layers culminating in discontinuities 
(cusping) was revealed, an indication of the high pressures applied in the 
manufacturing process of the fuel sphere. Flaking along grain boundaries was also 
observed. Selective etching of pitted and porous regions on a fuel sphere specimen 
surface occurred. 
 
Crystalline domains within a fuel sphere specimen were indicated by the exposure of 
crystal faces (basal planes). Little or no etching was observed along crystal faces and 
platelets. 
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Although Murakami’s reagent is suitable for the etching of graphitic materials, it is 
inefficient, characterised by the extended submerging time required for appreciable 
etching of the specimen surface to occur. 
 
6.1.2. Chromatic acid 
 
A submerging time of only 30 s was required to reveal the internal structure of 
graphitic materials when the chromatic acid etch was used. The observations of 
specimen surfaces that had been submerged in chromatic acid were similar to those 
that were submerged in Murakami’s reagent, except for delaminating of graphite 
layers, which was not observed for Murakami etching. Thus chromatic acid is more 
efficient than Murakami’s reagent in the etching of graphitic materials. Chromatic 
acid is also more reactive than Murakami’s reagent, indicated by the roughening of 
smooth regions in graphite grains, an observation not readily made for samples 
submerged in Murakami’s reagent. 
 
While grains were revealed in the etching of the fuel sphere material, no such 
observations were made for the etching of the reflector material. Etching of the fuel 
sphere material revealed graphite layers, whereas no such layers were observed for 
the etching of the reflector material. In contrast with the etching of the fuel sphere 
material, no crystal faces (basal plane edges) were revealed after etching of the 
reflector material. The reflector material specimen surface remained smoother than 
the fuel sphere material specimen after submerging in chromatic acid. The chromatic 
acid solution etched the fuel sphere material to a greater degree than the reflector 
material. 
 
The chemical etching of the polished specimen surfaces removed material which had 
been smeared, and revealed underlying features. The results obtained for the chemical 
etching of the fuel sphere and reflector material specimens indicated that the fuel 
sphere material was more crystalline than the reflector material, while the reflector 
material was more porous than the fuel sphere material. 
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6.2. Fracturing and Etching 
 
6.2.1. Fuel sphere material 
 
The fracture faces of fuel sphere material specimens were irregular, while there was 
no evidence of shearing. This is an indication that cracks had propagated through the 
specimens, leading to their failure at the fracture faces. Fracturing along crystalline 
directions (basal planes) was observed and pores within the specimen were revealed. 
Bending and crumpling of graphite layers was also revealed. 
 
Flaking of graphite layers was noticed, while large crystalline domains (in the µm 
range) of varying orientations were observed. Etching of a fracture face revealed 
selective etching.   
 
The material consists of polycrystalline grains with a layered microstructure, the 
layers are bent and buckled due to compression. Observations made for the fracturing 
and etching of the material were similar to those for the polishing and etching of the 
material. 
 
6.2.2. Reflector material 
 
Shearing of the screwdriver head, used to break through the specimen, was evident on 
the fracture face, indicating that the reflector material had not fractured as a result of 
crack propagation. The fracture faces of the reflector specimens were smoother than 
those of the fuel sphere specimens, but pitting was observed on the fracture face. No 
evidence of crystalline faces was observed. Micro cracks were evident after 
submerging the specimens in chromatic acid. Etching of the fracture faces resulted in 
surfaces reminiscent of weathering effects on sandstone. No evidence of selective 
etching along crystalline faces was observed. Small scale ordering in the form of bent 
graphite layers was only revealed by fracturing and etching of the reflector material. 
 
The material microstructure resembled a conglomeration of graphitic material, unlike 
that of the fuel sphere material. Also, the reflector specimen had been sheared, 
whereas the fuel sphere specimen which had been fractured. 
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6.3. Nano-indentation 
 
Comparative conclusions for nano indents performed on the fuel sphere and reflector 
material specimen surfaces for a particular maximum load of 350 mN include the 
following: 
 
The indentation curves for the two materials differed. The loading curve for the 
reflector material was more linear than that of the fuel sphere material. A non-linear 
hump on the loading curve was typical for the fuel sphere material, whereas such a 
hump was not evident for the reflector material. The indentation curve for the 
reflector material was nearly hysteretic, whereas that of the fuel sphere was not. 
 
The average maximum depth of the indenter tip into the specimen surface was greater 
for the fuel sphere (10759 nm ± 565 nm) than for the reflector material (7248 nm ± 
487 nm). The average remnant depth for the fuel sphere (7755 nm ± 547 nm) was 
greater than that for the reflector material (2567 nm ± 1047 nm). This indicated that 
the reflector material recovered more than the fuel sphere material. 
 
The average recovery of the reflector material was 65 % of the maximum indenter 
depth, whereas that of the fuel sphere was only 28 %.  
 
Due to the surface roughness of the specimens, it was not possible to attain 
quantitative hardness measurements for the two materials. A relative comparison 
could however be made. The reflector material was approximately 2.5 times harder 
than the fuel sphere material. Almost no deformation and no surface damage was 
observed for the indents performed on the reflector material. 
 
Deformation and surface damage in the form of cracking and bending of flakes were 
observed for the indents performed on the fuel sphere material. Cracking of the fuel 
sphere material in the region of the indenter tip contact area corresponded with the 
non-linear hump in the loading curve of the indentation profile. The residual 
indentation impressions on the fuel sphere material were deep enough to be observed 
by SEM, whereas those of the reflector material were too shallow to provide sufficient 
contrast for SEM observation. 
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The fuel sphere material showed plastic behaviour as well as failure (cracking), 
whereas the reflector material showed plastic and elastic behaviour. The difference in 
the indentation behaviours of the two materials was explained by a simple model 
(section 5.3). 
 
From the nano-indentation behaviour of the two materials it was clear that the fuel 
sphere material was crystalline while that of the reflector was not. This conclusion 
was confirmed by the TEM results. 
 
6.4. X-ray Diffraction 
 
The conclusions drawn from the analysis of the XRD scans performed on the fuel 
sphere and reflector material specimens are divided into two sections. These sections 
include; a) surface grinding and polishing effects and b) a comparison between the 
fuel sphere and reflector material. These sections are further subdivided into 
subsections pertaining to different analyses of the XRD patterns obtained for the 
specimens. 
 
6.4.1. Surface grinding and polishing of fuel sphere specimen 
 
The diffraction peaks for the two specimens prepared to different finishes were shifted 
by similar 2θ values. The (002) peak of the polished specimen was shifted (-0.28° ± 
0.01°), more than that of the grinded specimen (-0.18° ± 0.01°). The (002) peak 
broadening of the polished specimen (∆2θ = 0.58° ± 0.02°) was more than that of the 
grinded specimen (∆2θ = 0.29° ± 0.02°). This broadening of the XRD peaks was due 
to the reduction in average crystallite size of the material. 
 
The inter-planar spacings (therefore the lattice constants Lc) were similar for the 
polished specimen (d = 3.39 Ǻ ± 0.011 Ǻ) and the grinded specimen (d = 3.38 Ǻ ± 
0.011 Ǻ), within experimental accuracy. In addition, the average crystallite size of the 
grinded specimen (32.30 nm ± 0.22 nm) was larger than that of the polished specimen 
(14.55 nm ± 0.10 nm). This result indicated that polishing of the fuel sphere material 
decreased the average crystallite size. 
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6.4.2. Comparison of fuel sphere with reflector material 
 
The XRD peaks of the reflector material were not as sharp as those of the fuel sphere 
material. The average crystallite size (coherently scattering domains) of (48.64 nm ± 
0.33 nm) for the fuel sphere material was larger than that for the reflector material 
(15.73 nm ± 0.11 nm). In addition the inter-planar spacing of the reflector material (d 
= 3.39 Ǻ ± 1.12x10-2 Ǻ) was larger than that of the fuel sphere material (d = 3.37 Ǻ ± 
1.10x10-2 Ǻ). These results indicated that the fuel sphere material was more 
crystalline than the reflector material.  
 
The XRD pattern of the fuel sphere material resembled that of pure 2H graphite, 
while the XRD pattern of the reflector material in the region 40° ≤ 2θ ≤ 50° resembled 
that of graphite containing a small percentage of 3R graphite. It was thus concluded 
that the fuel sphere graphite was more pure than that of the reflector material. 
 
6.5. Transmission Electron Microscopy 
 
6.5.1. Reflector material 
 
The reflector material exhibited a high concentration of cavities, while a low 
concentration of small graphite crystallites were observed. Delamination cracks were 
observed within the crystallites. 
 
Elliptical diffraction patterns were observed from the graphite. These elliptical 
diffraction patterns, of which only the minor axis of the elliptical rings could be 
correlated with the inter-planar spacings of graphite, are due to the disordered 
stacking of parallel basal planes (graphene layers). The elliptical diffraction patterns 
are formed when the incident electron beam is tilted away from the normal to the 
graphene layers (Cowley et al., 2000). Carbon material with this type of stacking is 
called turbostratic graphite, which is characterized by graphene planes regularly 
spaced along the stacking axis (c-axis), but disoriented both in translation and rotation 
with respect to each other (Schiffmacher et al. 1980). In addition, TEM observation 
revealed the presence of diamond crystallites. In one of the samples, small scale 
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ordering of graphite crystallites in the reflector material could only be revealed by the 
techniques of TEM and etching after fracturing in conjunction with SEM. 
 
It was thus concluded that the microstructure of the reflector material consisted 
mainly of turbostratic matrix graphite in which low concentrations of small graphite 
crystals were embedded. 
 
6.5.2. Fuel sphere material 
 
6.5.2.1. Outer surface region 
 
The outer surface region of the fuel sphere material contained a high concentration of 
graphite particles. The graphite particles consisted of crystallites, grains and flakes. 
Moiré fringes produced by rotated overlapping graphite crystals were observed. The 
fringe spacings were measured and the relative angle of rotation was determined to be 
0.76°. 
 
Diffraction rings indicative of turbostratic graphite were also observed. The graphite 
particles within the material were found to be well graphitized; identified by electron 
diffraction patterns synonymous with highly crystalline 2H graphite. No evidence of 
amorphous carbon or resin compact remnants was observed. 
 
The microstructure of this material thus consisted of a high concentration of graphite 
particles in contact with turbostratic matrix graphite. 
 
6.5.2.2. Interior region 
 
Well crystallized graphite grains were identified within this region of the fuel sphere 
material; the corresponding diffraction patterns typical of highly crystalline 2H 
graphite. The microstructure of this region of the fuel sphere material was found to be 
similar to that of the outer surface region. Widely spaced fringes accompanied by 
elliptical SAD ring patterns were observed in B-F micrographs. These regions 
consisted of turbostratic graphite with the basal planes tilted away from the [001] 
beam direction. It was thus concluded that the irregular fringes were most likely the 
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edges of surface steps (basal planes) caused by ion milling during the preparation of 
the samples for TEM analysis. 
 
6.5.2.3. Central region 
 
In the central region of the fuel sphere high concentrations of curved graphite flakes 
separated by delamination cracks were observed. The corresponding diffraction 
patterns consisted of slightly elliptical rings, consistent with the curved nature of the 
flakes. A series of parallel contrast lines were observed in some areas of this region. It 
was inferred that the series of bright and dark bands are representative of graphite 
sheets in the [100] and [210] orientation respectively (or vice versa), although further 
D-F TEM investigation is necessary to confirm this statement. Turbostratic graphite 
regions were observed in this region as well. The typical elliptical electron diffraction 
patterns indicative of turbostratic graphite were evident. 
 
High concentrations of graphite crystals embedded in the turbostratic matrix graphite 
were found. The electron diffraction ring patterns observed for graphite crystals 
embedded in turbostratic graphite were analyzed. From the analysis of the intensities 
of the rings it was concluded that the turbostratic graphite in this region consisted of 
randomly oriented nanocrystalline graphite. The microstructure of this region of the 
fuel sphere material was found to be similar to those of the outer surface and interior 
regions. 
 
6.6. General Conclusions 
  
In this section, the general results and major conclusions which could be drawn 
collectively from the information obtained in this study are discussed. 
 
A suitable procedure for the chromatic acid etching of graphitic surfaces was 
successfully developed, and chemical etching of a graphitic polished surface by 
chromatic acid solution efficiently reveals the microstructure of the material. 
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There was no significant difference in the microstructures of the center, interior and 
surface regions of the fuel sphere.  No evidence of amorphous carbon or resin 
residues from the manufacturing process was found. 
 
The reflector material is harder but more brittle than the fuel sphere material. 
 
One of the recommendations made by Marsden (2000) for the use of graphite in 
reactor core components of HTRs was that the material should be well graphitized 
(highly crystalline). All of the techniques used to analyze the graphitic materials in 
this study indicated that the fuel sphere material was very crystalline while the 
reflector material was not. The fuel sphere material is therefore well graphitized and 
most probably suitable for use in a PBMR HTTR as is, provided that the material 
exhibits the other required properties proposed by Marsden (2000). In contrast, the 
reflector material is not well graphitized, and is therefore not suitable for use in a 
PBMR HTTR as is. The graphitization of the turbostratic graphite (the bulk of the 
material) is required. This can be achieved by subjecting the material to a temperature 
cycle up to ± 3000 °C in an Acheson furnace. Only then will the reflector material 
most probably be suitable for use, provided that the properties of this material 
conform to the other required properties proposed by Marsden (2000) as well.   
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Addendum – TABLE OF ABBREVIATIONS/ACRONYMS 
 
 
B-F Bright Field (TEM imaging) 
BSE Back Scattered Electron (mode of SEM) 
C-C Carbon-Carbon (composite) 
CTE Coefficient of Thermal Expansion 
D-F Dark Field (TEM imaging) 
FWHM Full Width Half Maximum 
HOPG Highly Oriented Pyrolytic Graphite 
HTR High Temperature Reactor 
HTTR High Temperature Test Reactor 
IKB Insipient Kink Band 
NECSA Nuclear Energy Corporation of South Africa 
PBMR Pebble Bed Modular Reactor 
PIPS Precision Ion Polishing System 
SAD Selected Area Diffraction 
SE Secondary Electron (mode of SEM) 
SEM Scanning Electron Microscope/Microscopy 
TEM Transmission Electron Microscope/Microscopy 
UAFM Ultrasonic Atomic Force Microscope/Microscopy 
XRD X-ray Diffraction 
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